|

) <

The University of Osaka
Institutional Knowledge Archive

. A Physico-Technical Step to ZnSe Blue Light
Title T .
Emitting Diode

Author(s) |Yodo, Tokuo

Citation |KFRKZ, 1991, EHIXHX

Version Type|VoR

URL https://doi.org/10.11501/3086308

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



A Physico-Technical Step to ZnSe Bluc Light Emitting Diode

June 1991

Tokuo Yodo



A Physico-Technical Step to ZnSe Blue Light Emitting Diode

A Thesis
Submitted Fo Coilege of Physical Séience
of Osaka University
for the degree of

" Doctor of Sciene
by

Tokuo Yodo

June 1991



Contents

Abstract

1. Introduction

1-1..Solid state properties required for blue light emitting

diode (B-LED)
1-2. Background of B-LED fabricated using various materials
1-2-1. SicC
1-2-2. ZnSe and ZnS
1f2—3. GaN
1-2-4. Others
1-3. Why is ZnSe B-LED chosen as most hopeful material?
1-4. Purpose and significance of this study

1-5. Construction of this study

10

11

12

13

15

16

18

20

23



2. ZnSe epitaxial growth by metalorganic vapor phase epitaxy

(MOVPE)

2-1. Heteroepitaxial growth

2-1-1.

2-1-2.

2-1-3.

Layer thickness dependence

Reactor pressure dependence

Dependence of source gas mole ratio and gas velocity

ratio on crystalline quality of ZnSe epitaxial layers

(epilayers) grown by atmospheric pressure MOVPE

Growth temperature dependence

2-2. Homoepitaxial growth

2-2-2.

(A)

(B)

ZnSe substrate preparation

ZnSe homoepitaxial growth

Effect of heat treatment conditions of ZnSe substrate on
crystalline quality 6f ZnSe homoepitaxial layer
(homoepilayer)

Origin of Self-activated (SA) emission in ZnSe

homoepilayer

28

30

35

39

43

48

50

51

58



(¢c) Dependence of source gas mole ratio on crystalline 65

quality of ZnSe homoepilayer

(D) Dependence of growth temperature on crystalline quality 75

of ZnSe homoepilayer

148
3. Thermal stability of epilayer

3-1. Heteroepilayer , 149

3-1-1. Effect of growth conditions on thermal stability of ZnSe 150

epilayer

3-1-2. Effect of annealing conditions on thermal stability of 151

ZnSe epilayer

3-1-3. Effectvof ambient gases on thermal stability 154

3-2. Homoepilayer 156

4. p-type ZnSe by ion implantation 178

4-1. Li' ion implantation into ZnSe heteroepilayer 180

4-1-1. Effect of annealing conditions on crystalline

quality of Li*-implanted ZnSe heteroepilayer



4-1-2. Dependence of ion implantation and annealing conditions 184
on crystalline quality, radiation damage and
activation rate of acceptors in Li*—implanted ZnSe

epilayer
4-2. Na* ion implantation into ZnSe heteroepilayer 196

4-2-1. Effect of annealing conditions on crystalline

quality of Na*-implanted ZnSe heteroepilayer

4-2-2. Dependence of ion implantation and annealing conditions 200
on crystalline quality, radiation damage and

activation rate of acceptors in Na*—implanted ZnSe

epilayer
4-3. Li* ion implantation into ZnSe homoepilayer 204
4-4. Comparison of doping technique between vapor phase and 207

ion implantation into ZnSe epilayer
5. Crystalline quality of ZnSe epilayer grown on Li*-implanted 255
ZnSe heteroepilayer and fabrication of ZnSe B-LED

5-1. Crystalline quality of undoped ZnSe epilayer on 2586

Li*-implanted epilayer



5-2. Crystalline quality of n-type ZnSe epilayer on Lit- - 261

implanted epilayer

5-2-1. Device structure and characteristics of ZnSe B-LED 262
5-2-2. Contrivance on device structure of ZnSe B-LED 268
291

Conclusion
. Acknowledgement 294
References _ 295
Publication lists 303



Abstract

We discuss why ZnSe is chosen as one of the most hopeful
materials for B-LED (blue light emitting diode) with high effi-
ciency firstly. ZnSe is a difficult material to control electri-
cal properties, particularly p-type conduction, because of the
compensation effect inhérent in II-VI compounds. Accordingly, the
ZnSe B-LED with pn Jjunction has never been fabricated. P-type
ZnSe is hard to gfow in general epitaxially. We have adopted
metalorganic vapor phase epitaxy (MOVPE) to overcome the compen-
sation effect. Thaf is the sole possible technique that can be
run at low temperature (250 ©C). It is most important to grow the
epitaxial layers (epilayers) with high crystalline quality. The
crystallographic property should be excellent and the residual
impurity concentration must be minimum. Tﬁe crystalline quality
is much related to lattice mismatching as well as growth condi-
tions. We investigate the effects of growth conditions on the
crystalline quality of both undoped ZnSe heteroepilayers and
homoepilayers with complete lattice matching, and find the opti-
mum growth ‘conditions. Next, we examine thermél stability of the
ZnSe epilayers grown at 16W temperatures to find that the crys-
talline quality of ZnSe epilayers is maintained even at 650 O¢c
and still more to 700 ©C by introducing Zn vapor‘in the ambience
of annealing. We dope Li and Na impurities by ion implantation
in the ZnSe epilayers and compare Li acceptor with Na acceptor in
ZnSe..The result is that the radiation damage is related to

activation rate of acceptor, generation rate of self-activated



centers and the crystalline quality. Li is superior to Na as p-
type doping species in ZnSe because of the lightness of the
radiation damage. We also dope Li impurities into ZnSe homoepi-
layers by ion implantation and try an n to p conversion. We
fabricate the ZnSe B-LED with pn junction by growing n-type ZnSe
on Li*—implanted ZnSe and investigate the relation between the
crystalline quality of n-type ZnSe and the properties of device.
By improving the crystalline quality of n-type ZnSe, the Dblue
light emission has been observed at 77 K from the B-LED. However,
the EL emission is not seen at 300 K. It is suggested that the
crystalline quality of Li*—implénted ZnSe epilayers near the pn
junction is much related to EL property, since the crystalline
quality of the implanted epilayer fundamentally determines the
crystailine quality of the over-epilayer. The crystalline quali-
ty of the epilayers should be improved near the pn interface. The
fatal fault of the device structure using ion implantation is
that pn interface is contaminated by the exposure to air at ion
implantation, that degrades the crystalline quality at pn inter-
face. We propose B-LED with a new device structure ("nipp-
type"), by interposing an undoped ZnSe buffer epilayer on Li*-
implanted ZnSe before growing an n-type ZnSe epilayer. That is a
method of devising the structure bf the B-LED. We diffuse Li
impurities 1into the buffer epilayer by sequent annealing to form
a new pn interface (Li-diffused epilayer). Since the new pn
interface is maintained relatively clean, the whife—color EL
emission is seen to eyes at 300 K with dominant blue spectrum.

Thus keeping the crystalline quality near the pn interface is



found to be a key factor to emit the strong blue light at 300 K.
Unfortunately, the crystalline quality of the Li-diffused

epilayer near the pn junction is not yet so good even in the

nipp-type. It 1is therefore of vital importance to improve the

crystalline quality near the pn interface all the more.



1. Introduction

II-VI compounds are materials produced massively from 1930's
era as a luminous paint for the Braun‘tube of a television set
[1]. Table 1.1 shows the general characteristics of typical II-
VI compounds with those of other semiconductor materials. The I1-
VI compounds made by chemical reaction between II- and VI-family
of elements have two characteristics: big ionic bonds and wide
band-gap energies (Eg). In addition, the II-VI compounds have
direct band structure, so that they have high transition proba-
bility of emitting and absorbing the visible light. Particularly,
they are the most promising luminescence materials in visible
spectrum we have ever known. Since the carrier mobilities of II-
VI compounds are lower than those of other materials, however,
they are not suitable materials for switching devices'developed
in Si, GaAs and InP. On the other hand, GaAs and InP of III-V
»compounds have direct band structure which Si does not have, and
carrier mobility higher than that in Si. Thereforé, the research
of II1I-V compoundé has been powerfully proceeded for the purpose
of developing micro-opto electric materials.

Actually, Eg of Si and III-V compounds (GaAs and InP) is very
émall. Thus it is intentionally tried to enlarge Eg by alloying
GaAs, AlAs and GaP. Red light emitting devices are‘already on
the market. To develop the green light emitting devices with
wavelength shorter than red, GaP of III-V compounds with device
structure of pn junction is used. However, GaP is not suitable

for emitting devices with high efficiency because of having indi-
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rect band structure. Nevertheless, the efficiency of green light
emitting devices is heightened by introducing isoelectric traps
like nitrogen (N) in GaP, or localized impurities, thus delocal-
izing k-space of impurity levels, which extends to conduction and
valence bands without accompanying phonons [2]. However, even Eg
of GaP is too small to cover the visible spectrum. Other III-V
compounds with wider band-gap 1like GaN’ is needed for emitting
visible light. Since Eg of II—VI_compounds coincides just with
the visible spectrum, II-VI compounde are widely suitable for
devices emitting‘the visible, and even ultraviolet spectra. In
the absence of pn junction, however, such devices are not real-
ized yet by II-VI compounds.

Generally, it is more difficult to control the electrical
properties of p- and n-type of II-VI compounds owing to the
increase in Eg, that makes the ionicity higher. It is needed to

reexamine the crystal growth of_II—VI compounds basically.

1-1. Solid state properties required for blue light emitting

diode (B-LED)

Human visual sensitivity is greatly dependent on the wave-
length (Fig. 1.1.). That for blue spectrum is about 10 times as
small as one for green spectrum. Accordingly, development of B-
LED with high luminescent efficiency is especia11y required.

One solid state property required for B-LED materials is that

Eg has to be bigger than 2.6 eV (480 nm; blue spectrum region).
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Developing a blue laser diode in the future, the material with
direct band structure is very advantagequs. In order to emit the
blue light efficiently, the structure of the device needs to be
discussed. Namely, it 1is important to lock the carriers up and
to increase the efficiency of the injection by selecting the
device structure. Moreover, controlling electrical properties
of II-VI éompounds is an essential factor for development of the
B-LED. Controlling 1attice constant and Eg is important for the
crystal growth with high crystalline quality and the development
of the B-LED with high efficiency.

In order to realize the B-LED, obtaining the large substrate
with high crystailine quality is needed to grow the epitaxial
" layers (epilayers) with high crystalline quality. It means that
- the lattice matching is an important factor for fabricating
devices with high efficiency 1like laser diodes. It is mainly
" because homoepitaxiai growth with lattice matching is possible
while Kkeeping the crystalline quality of the epilayers. It is
also important to fabricate the devices massively in the future

to make the process easy.

1-2. Background of B—LED fabricated using various materials

SiC, ZnS, ZnSe, GaN, boron nitride (BN), diamond and I-III-
V12 compounds (chalcopyrite type) are considered as hopeful
materials for B-LED. In this section, we discuss the characteris-

tics of these 7 materials from the viewpoint of developing the B-

12



LED with high efficilency.

1-2-1. SicC

Only SiC B-LED is on the market [3]. Both Si and C are 1IV-
family elements, and join common bonds. However, SiC has an
ionicity of about 12 % because of the difference in electrical
affinity. Since SiC is chemically very stable and strong against
mechanical force as well as radioactive rays, it 1is noted as a
pfoof—device against environment. However, the SiC crystal has to
be grown at a.very high temperature of 2200 Oc. It is known that
some poly-type of SiC crystallite exist by the difference in
piling atoms up. Therefore 1t was very difficult to obtain a
uniform hexagonal SiC crystal with a single phase [4]. The Eg of
SiC is 3.04 eV (408 nm; uitraviolet spectrum) at room temperature
and the band structure is indirect transition type. The transi-
tion has to be accompanied by phonons and the probability is very
low. In fact, the external quantum efficiency of SiC B-LED 1is

about 0.02 %.

1-2-2. 7ZnSe and ZnS

Both ZnSe and ZnS are II1-VI compounds and their characteris-
tics are much analogous to each other. ZnS and ZnSe have Eg of

3.7 and 2.7 eV (457 nm and 335 nm), respectively. The band struc-
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ture is direct transition type. Then, the B-LED using ZnSe or ZnS
with high efficiéncy seems to be hopeful. In ZnS, the B-LED has
to utilize the transition emission related to deep levels (they
are well-known as self-activated (SA) centers.). In ZnSe, the
band-edge emission is used as the main blue electroluminesceﬂbe
(EL) emission from the B-LED. It thus becomes important in the
fabrication of the ZnSe B-LED to suppress the concentration of SA
centers in ZnSe crystal growth. The hexagonal structure changes
binto cubic.one at 1050 ©°C in ZnS when increasing the growth
temperature [5]. The entropy difference between respective struc-
ture is very small, so that high concentration of poly-type of
crystallite and stacking faults are easily generated during ZnS
crystal growth [6]. The phase transition temperature is 1420 ©C
in ZnSe. Thus the low growth femperature is essential to grow
bulk crystal with high crystalline quality, since the concentra-
tion of stacking faults becomes very low. Indeed, ZnSe or ZnS
bulk crystal grown at 850 °C by iodine vapor transport method has
no twins and a low density of stacking faults [7]. But the high
density of iodine impurities (abdut 200 ppm) are included in the
bulk crystal. Also the constituting elements and compounds them-
selves of II-VI compounds have very high vapor pressures [8-10]
(for example, Zn; 0.1 Torr at 400 °C, Se; 10 Torr at 431 ©°c,
ZnSe; 107° Torr at 600 Oc, s; 10 Torr at 241 °C, ZnS; 107° Torr
at 600 ©C.). The high concentration of native defects (Zn, Se and
S vacancies) occur in bulk crystal grown at high temperatures and
easily make complexes (so-called SA centers) with impurities. The

high density of SA centers compensate the impurities in the bulk
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crystal and increase the resistivity of the bulk crystal drasti-
cally (if is well-known as self-compensation effect.). There-
fore, it becomes impossible to control the electrical properties.
Particularly, p-type ZnSe and ZnS cannot be grown, though n-type
ones are grown. Thus the self-compensation is a phenomenon pecul-
iar to II-VI compounds and much related to ionicity [11-17].
Comparing ZnS and ZnSe, ZnSe has a possibility of p-type conver-
sion higher than ZnS because of its lower ionicity.

The ZnSe and ZnS epilayers with high crystalline quality have
recently been grown at low temperatures (200-350 ©C) by molecular
beam epitaxy (MBE; [18-21]), metalorganic vapor phase epitaxy
(MOVPE; [22-25]), metalorganic molecular beam epitaxy (MOMBE;
[26,27]) and atomic layer epitaxy (ALE;[28]) under non-equilibri-
um conditions.'The generation rates of native defects and SA
centers are greatly repressed by low growth temperatures. There-

'fore, it is hoped that p-type ZnSe can be grown in the future.

1-2-3. GaN

Eg of GaN with direct band structure is 3.39 eV at room tem-
perature and the crystal structure is hexagonal. Therefore, GaN
B-LED has to use the transition emission related to deep levels.
The melting point of Gaﬁ is 1727 ©C and the deposition pressure
of N sources is very high. The crystal growth of bulk crystal
has been very difficult. Only the film growth has been reported

by chemical vapor deposition (CVD) and MOVPE [29-31]. Generally,
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NHg4 with high thermal stability i1is used as a N source, so that
the growth has to be made at high temperature. This causes high
density of N vacancies in the film. Certainly, n-type GaN is
obtained easily, but p-type GaN not. The GaN B-LED with pn junc-
tion has not been fabricated yet. In ofder to repreés the con-
centration of N vacancies, we have to grow GaN epilayers at such
low temperatures as 300 °C. However, itAis very difficult because
of high thermél stability of N sources. |

In this situation, Al,0g5, SiC and GaP are also used as sub-
strates in place of GaN. However, both the lattice mismatching
between GaN and their substrates and the difference in the ther-
mal expansion coefficient are very large. For example, in the
.Al505 substrate, the lattice mismatching is as large as 13.8 %. A
high concentration of cracks are ‘then created in GaN layers and
it is difficult to grow uniform and smooth layers. GaN has been
already reported to have a PL efficiency of 12 % because of
direct band structure [32]. Also GaN B-LED with MiS structure
has a high quantum efficiency of 0.3-1 % [29,33-36]. This indi-

cates the advantage of direct band structure.

1-2-4. Others

As other materials for B-LED, BN, diamond and I-I1I-VI,
compounds are hopeful. BN is grown under ultra high pressure as
in the case of diamond and its solid state properties are known

very little. All we know is that the Eg of BN is 7-8 eV and its
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band structure is indirect transition type. The external quantum
efficiency of the reported BN B-LED is about 0.001 %. Diamond has
been thought to have a possibility of semiconductor material for
two decades. Recently, natural IIb— type of diamond shows p-type
conduction. The Eg is 5.5 eV and the band structure is indirect
transition type. It has recently been shown that the layer
growth of diamond is possible by vapor phase under reduced pres-
sure. Though both p-type and n-type diamond is grown, the resis-
tivity of n-type diamond is about 103-10° ©-:cm and the doping
efficiency of n-type dopant 1s very low compared with p-type
doping. The solid state property is needed to be investigated
basically. The reported emission voltage of diamond B-LED with pn
junction is about 150 V. CuAlS, and CuAlSey of I-III-VI, compound
have direct band structure with peak energies near 2.5 eV. Indeed
both thé ionicity and meltihg point of I-III-VI, compound are
lower than those of II-VI compounds, so that it 1s advantageous
for the crystal growth. But, high concentration of twins are
generated in the bulk crystal and the crystal is poly-crystal-
lized since the stiffness of I-III-VIo compounds is softer than
that of II-VI compounds. Moreover, as the phase changes from
zinc-blend to chalcopyrite, numberless fine cracks occur in bulk
crystal by the directional thermal expansion during the crystal
growth. Kukimoto points out that it is difficult to develop the
blue laser diode (B-LD) only by II-VI compounds because of lat-
tice matching and band gap energy. He suggests that I—III—VIZ
compounds are required for‘the B-LD from the wide feasibility of

lattice constants and band-gap energies of alloys.
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1-3. Why is ZnSe B-LED chosen as most hopeful material?

In section 1-2, we have discussed the research circumstances
on seven hopeful materials for B-LED. We will give reasons why
ZnSe is chosen as most hopeful in this section.

Since S8iC, BN, I-III-VI, compounds and diamond are possible
to form pn junction, it is easy to fabricate the B-LED. However,
the development of B-LED with high,éfficieﬁcy using all these
materials except I—III—VIZ compounds will be limited in the near
future since they have indirect band structure. It is time that
the strength of the green light emission of GaP LED with indirect
band structure has increased by 4 times in a decade by the intro-
: duction of isoelectric traps. But the external quantum efficien-
¢y remains only 0.3 %. The BN and diamond with pn Junction have
- recently been reported. The p-type and n-type of.BN crystal with
a low resistivity is not obtained yet, however. Special and
expensive machines are required for the crystal growth. Diamond
layers are recently grown under the reduced pressure by micro-
plasma CVD. The mechanism why diamond is grown under the reduced
pressure is not known yet. Furthermore, even the physical pro-
perties of chalcopyrite type of I—III~VIZ compounds are not well
known yet. On the other hand, SiC B-LED with pn junction is
already on the market. But it is not widely used because of the
indirect band structure. The efficiency of thg blue light emis-
sion is too low. It has to be increased by 5-6 times at least
for a wide use. Isoelectric traps in SiC have been looked for

the development of SiC B-LED with .high efficiency. Be that as it
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may, the material with indirect band structure is not hopeful
after all. GaN of III-V compounds, ZnSe and ZnS of II-VI com-
pounds have the direct band structure. It is expected that B-LED
with high efficiency using these materiale will be fabricated.
Unfortunately, crystal growth with p-type conversion is not real-
ized. Thus the device structure of the B-LED is not with pn
junctioh but with metal-insulator-semiconductor (MIS) structure.
The device structure required in the future, however, should be a
device with pn junction, in view of a possible extension to the
development of B-LD.

We have to judge which of these materials will be the first
to realize the crystal growth with p-type conduction. In the
crystal growth of GaN, temperature higher than 900 OC is needed
for thermal stability of N sources.-It is impossible to grow at
300 °C to avoid N vacancy in the crystal. ZnS has a wide band
gap. The blue light emission from ZnS B-LED has to utilize tran-
sitions related to SA center levels. Meanwhile Eg of ZnSe corre-
sponds to the energy of blue light; then ZnSe B-LED may utilize
transitions of band-edge emission without SA emissions. It seems
that ZnS is more difficult than ZnSe to grow material with p-type
conduction. The crystal growth of ZnS and GaN bulk is too diffi-
cult to grow homoepilayers with high crystalline. quality. In
addition, these two materials do not have good substrates lat-
tice-matched with the layers. The electrical properties of ZnS
and GaN layers thus cannot be controlled well. ZnSe, on the other
hand, has a GaAs substrate with a small lattice mismatching of

0.27 %. ZnSe is in a delicate position from the calculation under
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thermal equilibrium conditions whether p-type material can be
grown or not. Furthermore, ZnSe has recently been grown epitax-
ially at low temperatures (200-350 ©C). It has been reported that
the generation rate of native defects is completely suppressed by
low temperature growth techniques like MBE, MOVPE, MOMBE and ALE
[37].

From these points, we choose Znée as a hopeful material for
B-LED and investigate ZnSe from the crystal growth in this re-

search.

1-4. PurpoSe and significance of this study

Here we state the purpose and significance of this study.
First we clarify the problems of ZnSe epitaxial growth and show
the way to solve them in order to develop B-LED.

It is required to grow epilayers with high crystalline quali-
ty and to dope acceptors into the epilayers without creating
native defects. To the first place, we introduce MOVPE‘epitaXial
growth and control the concentration of native defects as well as
residual impurities by making growth at low temperatures. Then we
try to grow undoped ZnSe epilayers with high crystalline quality
as a body to realize p-type ZnSe. To the second place, we discuss
the effects of lattice mismatching on the crystalline quality and
the optimum growth conditions for growing ZnSe homoepilayers with
high crystalline quality. To the third, we discuss the thermal

stability of ZnSe epilayers grown at low temperatures. And we
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find the high temperature annealing conditions with keeping a
good crystalline quality. We apply the result to post-annealing
éfter ion implantation of p-type dopants in order to activate
acceptor level efficiently without creating SA centers.

The significance of this study is fourfold. Firstly, ZnSe
epilayers with mirror-like surface morphologies are grown at 250
Oc using dimethylzinc (DMZ)‘and hydrogen selenide (HZSe) as
source gases in MOVPE. It has been widely accepted that the
source gases would, even at room temperature, react chemically
during the transportation to degrade the crystalline quality and
the surface morphology drastically. As Se sources, accordingly,
other Se alkyls (such as dimethyl selenide (DMSe) or diethyl
selenide (DESe)), which do not react chemically with DMZ in the
vapor phase, are used in place of HoSe to grow ZnSe epilayers
with excellent surface morphologies. Since Se alkyls have the
high deposition temperature, however, ZnSe epilayers are not
grown at temperatures less than 500 OC. As a result, a high con-
centration of native defects aré generated in the epilayers grown
ﬁsing Se alkyls. Thus repressing chemical reaction in the wvapor
phase is inconsistent with the epitaxial growth at 1ow_tempera—
ture.

Secondly, one has to-investigate the evil inflﬁence of lat-
tice mismatching and to report ZnSe homoepitaxial growth with
complete lattice matching as the most reasonable solution. In
this study, we discuss the optimum conditions for ZnSe homoepi-
taxial gréwth, which has never been reported so far. Therefore,

it is significant to report the systematic growth conditions on
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homoepitaxial growth. Since the ZnSe substrates (10x10x0;7 mm3)
used in this study are grown at relative by low temperature (850
OC) by iodine transport, they have no twins and low etch pit
density (2X104 cm"z) despite a high concentration of iodine
impurities included in bulk crystal.

Thirdly, the fabrication process of ZnSe B—LED ié required
for the formation of electrodes etc. If ion implantation is used
as one of p-type doping techniques, moreover, the post-annealing
is needed to recover the crystalline quality and to activate the
impurities electrically. The thermal stability of ZnSe epilayers
grown at low temperatures (250 °C) has never been discussed,
however. We will discuss the relation between the thermal stabil-
ity and the growth conditions. We find the optimum annealing
conditions without generating SA centers at 700 °C and even apply
‘them to post-annealing after ion implantation for the realization
of p-type ZnSe. Furthermore, this result can be undoubtedly
applicable to post-annealing after ion implantation of n-type do-
pants.

Fourthly, we will discuss ion implantation of Li%* and Nat
ions as p-type dopants. Ion implantation into ZnSe epilayers with
high crystalline quality has never been reported before, though
ion implantation into ZnSe bulk crystal with a high concentration
of SA centers was already reported more than a decade ago. In the
pP-type doping through vapor phase, the source of pP-type dopant
has to be of high purity despite the thermal instability at low
temperatures around 200 ©C. The ion implantation‘technique can

dope impurities under non-equilibrium condition with high purity
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and high concentration. On the other hand, the radiation damage
is a main problem for ZnSe epilayers. We will discuss its efféct
on the crystalline quality, which has never been investigated.

Fifthly, we mention the crystalline quality of undoped and n-
type ZnSe epilayers grown again on Li*- implanted ZnSe epilay-
ers, which is the first step of fabricating ZnSe B-LED.

Finally, we find thé device characteristics much related to
the degradation of crystalline quality of n-type ZnSe epilayers
which is caused by propagation of radiation damage generated in
the p-type ZnSe. We discuss the device structure to clarify that
the efficiency and monochrome of the EL emission are related to

the crystalline quality of epilayers near pn junction.

1-5. Construction of this study

Construction of this study is divided into 5 parts. In chap-
ter 2, the épitaxial growth by MOVPE is discussed from the view-
point of obtaining ZnSe epilayers (homo- and hetero-epilayers)
with high crystalline quality. New growth techniques like MBE, or
MOVPE etc. caﬂ produce ZnSe epilayers with high crystalline
quality at low growth temperatures. Zn and Se atoms in ZnSe have
vapor pressure higher than As atom in GaAs. It is an inevitable
problem peculiar to II-VI compounds. Also ZnSe itself has the
high vapor pressure of about 1079 Torf at 600 ©C. If not only the
epitaxial growth 5ut also thermal brocesses after the growth (for

example, the annealing after ion implantation etc.) are made at

23



high temperatures, it would be feared that the epilayers are
degraded due probably to the generation of many deep centers (or
SA centers) or native defects. Details have little been reported
on thermal stability of ZnSe epilayers grown at low temperatures
yet, however. In chapfer 3, we report the thermal stability of
/nSe epilayers (heteroepiléyer: section 3-1.; homoepilayer:
section 3—2;) and discuss the effect.of the growth conditions on
the cryétalline quality and the optimum annealing conditions
without generating SA centers even at high temperatures. We apply
the optimum annealing conditions found in chapter 3 to the
realization of p-type ZnSe doped by ion implantation in chapter
4. In chapter 3, the relation between thermal stability of the
epilayers grown at 250 ©C and growth conditions is discussed.
The optimumAannealing conditions not creating native defects are
also investigated at temperatures higher than 650 ©C. In chapter
4, ion implantation of Li* and Na* ions is discussed together
wifh annealing conditions (temperature, period and atmosphere) in
p-type doping. The activation rate and radiation damage are alsd
discussed. In chapter 5, the crystalline quality of undoped and
n-type ZnSe epilayers grown again on Li*-implanted ZnSe epilayers
is discussed. This is the first step of fabricating ZnSe B-LED.
Indeed ZnSe B-LED is fabricated actually, and its’device charac-
teristics are 1investigated at various ion implantation condi-
tions, each of which determines the crystalline quality of the
epilayer. The device structure is discussed for maintaining the
crystalline quality of the epilayérs near pn junction.' By adopt-

ing such a device structure, it is highly expected that the
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device can emit blue light at 300 K.
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Table 1.1. General characteristics of II-VI compounds and the

other semiconductor materials.

Compounds Energy Type of Electronic Electronic Tonicity

gap(ev) transition mobility effective

(300K) (em?.v7 . s71) mass

(300K)

Ge 0.67 Indirect 4000 1.58,0.08 0
Si 1,11 Indirect 1500 0.91,0.19 0
GaAs 1. 43 Direct 9000 0.065 0.31
GaP 2.3 Indirect 180 0.35 0.33
CdSe - 1.173 Direct 650 0.13 0.70
ZnTe - 2.25 Direct 100 0.11 0.61
Cds 2. 42 Direct 350 0.20 0.69
ZnSe 2. 617 Direct 200 0.117 0.63
ZnS 3.66 Direct 150 0.28 0.62
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2. Epitaxial growth

In the past, several attempts were made to grow p-type ZnSe
[38-40]. Few successful results have been reported so far. Howev-
er, it is thought that an undoped ZnSe crystal contains both high
density of residual impurities and native defects. These defects
easily compensate the p-type impurities [12]. So it is most
essential to reduce the density of the residual impurities during
the epitaxial growth of undoped ZnSe. The crystal growth process
in MOVPE is governed by chemical reaction, which is far from the
thermal equilibrium situation, so that low temperature growth of .
IT-VI compounds is possible. Low temperature growth processes in
II-VI compounds are essential to grow the ZnSe epilayers with
high crystalline quality for obtaining p-type conversion if the
self compensation effect is to be suppressed}

Many investigators have been trying to fabricate the ZnSe B-
LED with pn junction using several growth techniques for the past
two decades. ZnSe single crystals with high crystalline qualify
were indeed epitaxially grown at low temperatures (250-350 ©C) by

MOVPE [38,41-49] and MBE [39,50,51].

2-1. Heteroepitaxial growth

In the MOVPE growth of ZnSe, two kinds of source combinations
have been utilized [38-40, 41-46]. When zinc alkyls (for example,

DMZ or diethylzinc (DEZ)) and HoSe are used as source materials,
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they react easily to form powder in the gas phase, even at room
temperature, before the epilayer is grown on the substrate.
Stutius [38], Fujita et al. [41] and Yoshikawa et al. [42] pre-
vented such a chemical reaction by introducing zinc alkyls just
above the substrate in the lbw pressure reactor (0.1 Torr), and
the ZnSe epilayers could be grown at 300 ©C with this source
combination. The ZnSe epilayers grown in this manner, however,
show poor surface morphologies. characterized by hillocks along
the <011> direction in epilayers thicker than 1 zm [10].

Recently, Kamata et al. [45] have reported that the ZnSe epi-
layers with mirror surface morphologies can be grown at 500 ©°C
when Se alkyls, which are free from undesirable premature reac-
tions, are used instead of HsSe. 1In this case, however, it is
difficult to obtain epilayers grown at temperatures lower than
500 ©C, reflecting the thermal stability of Se alkyls. It is more
than hard, accordingly, to grow ZnSe epilayers with both mirror-
like surface morphologies and high crystalline quality at low
" temperatures (200-350 ©C). Since the low growth temperature is an
essential factor, we utilize DMZ and,HZSe as source gases for
MOVPE and try to find the optimum conditions to grow the ZnSe
epilayers with mirror-1like surface morphologies.

We investigate the effect of the lattice mismatéhing on the
crystalline quality first and discuss the importance of lattice
matching. We report ZnSe homoepitaxial growth from the viewpoint
of lattice matching and ZnSe heteroepitaxial»growth, particularly
effects of reactor pressure, growth temperature, source gas mole

ratio and source gas velocity ratio on the over-all crystalline
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quality including surface morphology of the ZnSe'epilayers in

this section.

2-1-1. Layer thickness dependence

The purpose of this section is to investigate the effects of
lattice distortion due to the lattice mismatching on crystallo-
graphic, electrical and luminescence properties of ZnSe epilayers
on GaAs substrates by examining the variation of those properties
with epilayer thickness. In addition, we will discuss the impor-
tance of the lattice matching in the epitaxial growth.

The ZnSe epilayers were grown under the reduced pressure of
0.1 Torr at 300 °C and source gas mole ratio ([Sel/[Zn]) of 3 by
MOVPE using.DMZ and HoSe (the respective flow rates are 3.1x107°
and 9.3x10°° mol/min.) as source gases. The MOVPE growth system
used in this work is illustrated in Fig. 2.1.1. The reactor is
of vertical design. The center tube carrying zinc alkyls extends
to about 2-3 cm above the GaAs substrate on a SiC coated carbon
susceptor. GaAs substrates were heated by a conventional electric
furnace. Chemically polished Cr-doped semi-insulating (100) GaAs
substrates were etched in a solution of HyS0, :H905 :tHo0 =4:1:1.
The GaAs substrates were thermally annealed at 600 O°¢c for 10
minutes at 0.1 Torr under the hydrogen (H2) atmospheric gas just
before growth. Ih order to 1investigate the effects of lattice
mismatching on the properties of ZnSe/GaAs by MOVPE, ZnSe epilay-

ers with different epilayer thickness were grown on Cr-doped
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semi-insulating GaAs substrates. Under these condition, the
growth rate was 3.0 um/h and the epilayer thickness was easily
controlled by choosing a suitable period of growth.

To characterize the epilayers, a Nomarski phase»contrast
interference microscope and PL were utilized to observe the
surface morphology and to measure the PL properties. The PL
spectra were measured at 4.2, 77 and 300 K, using a He-Cd laser
(2=325 nm) adjusted to a light power of 6 mW as the excitation
source. All epilayers were mounted without adhesion to avoid the
effects of strain.

Let us discuss the results of the crystallographic property
of the ZnSe epilayers with various epilayer thickness. Figure
2.1.2 shows the variation of the X—ray rocking curve froﬁ (400)
diffraction of ZnSe epilayer with epilayer thickness (tg). In a
thin epilayer (tg=0.5;tm), CuK 4 and CukK o reflection peaks from
both ZnSe epilayer and GaAs substrate are seen to be clearly
resolved. The lattice parameter estimated from the position of
CuK ; peak for 0.5 xm is 5.681 A (a'l), a value which is larger
than that of bulk ZnSe (ap=5.669 A) [52]. From this clear evi-
dence, it is assumed that the epilayer suffers tetragonal dis-
tortion, since the lattice constant of GaAs (aGaAé=5'653 A) 1is
smaller than that of ZnSe. If the Poisson ratio u=2012/011 (Cij:
elastic constants) 1s taken as 1.2 for cubic ZnSe [53], the
lattice parameter in a direction normal to the interface of the
epilayer with perfect tetragonal distortion can be calculated as
al=5.688 A. Then, aj is slightly larger than a'l for 0.5 um,

suggesting that the relief of the mismatching strain occurs
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within the epilayers. As the lattice parameters in thick epilay-
ers (tg>2 zm) are almost the same as that of bulk ZnSe, it_is
reasonable to conclude that the strain due to lattice mismatching
is relieved with increasing tg and that the epilayer becomes
almost free from the strain at a position farther than 2 uxm away
from the interface. Since the relief would occur with the crea-
tion of dislocation [50,54], they may be distributed with high
density within the epilayer, where thevstrain is relieved. .

Next let us see electrical properties of the ZnSe epilayers
with different layer thickness. All the undoped ZnSe epilayers
grown under the conditions employed here were highly n-type (a
carrier concentration of 9x1016 cm”3) except for thin epilayers
(tg<0.5 #m) which showed high resistivity. The electrical proper-
ties of the epilayers with different epilayer thickness are
listed in Table 2.1.1, where the compensation ratio is seen to
rincrease with reducing tg. The temperature dépendence of the Hall
mobiiity (;LH) of the epilayers as a parameter of tg is indicated
in Fig. 2.1.3. At 77 K, it is seen thatltH is noticeably reduced
with decreasing.tg, reflecting the increase in impurity concen-
tration. Though quantitative impurity analysis has not been made
here, such impurities as Al, Na and Li were detected by secondary
ion mass spectfoscopy (SIMS). The concentration of Al, roughly
estimated, was of the order of 1017 ecm™3, while Na and Li were
observed to be piled up over 0.2 £m from the interface. Main
donor species possibly responsible for the high carrier concen-
tration of the epilayers, therefore, could be considered to be Al

which is probably included in the DMZ source. If one assumes that
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impurities can be easily accumulated in the regidn where the
dislocation density 1is high, the reduction in Ly in the thin
epilayers can be understood, since the high alkaline impurity
concentration by contamination causes strong compensation. This
supposition is consistent with the results in Table 2.1.1. On the
other hand, the high Hall mobility for thick epilayers could be
explained by taking into account the fact that the epilayers with
low dislocation density are extended far from the hetero-inter-
face.

Next let us discuss the photoluminescence (PL) properties of
the Znée epilayers with different epilayer thickness. The PL
spectrum_of the epilayer varies with tg as shown in Fig.2.1.4. 1t
should also be noted in the MBE growth of ZnSe on GaAs that Yao
[50] has noted.an effect of thiékness of the epilayer on the PL
properties. Results similar to those in Fig.2.1.4 have been re-
ported by Stutius [55], who observed a strong near band-edge (BE;
the emission line is identified with free-to-bound transitions.)
emission'at 2.689 eV that predominated over the entire spectrum
at 300 K. A noticeable feature in the thin epilayers (tg=0.5 Lm)
is that several deep level emission bands appear with an appre-
ciably strong intensity. For thick epilayers, on the other hand,
only the so-called SA emiséions peaking at around 2.08 eV in the
low energy region appear, and their intensity is quite weak. On
the basis of these facts, and the discussion in the crystallo-
graphic property, one may suggest that the two emission bands
labeled Dl and D2 occurring at an energy region lower than 2.0 eV

are related to deep complex centers caused by dislocations and/or
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some impurities. Figure 2.1.5 shows 4.2 K spectra and FWHM of the

I, emission, excitonic emission bound to neutral donor, as a

X
parameter of tg. With reducing tg, linewidth of_IX emission
becomes much broader, suggesting the effects of impurity accumu-
lation as well as strain [56].

In summary, the most interesting fact revealed by the present
work is that the tetragonal distortion due to lattice matching is
relieved with increasing the epilayer thickness and the epilayer
becomes almdst free from the distortion at a position of'1—2 Lm
away from the hetero-interface. With the assumption that the
strain relief in the vicinity of the interface is caused by the
production of some kind of dislocations [54,57]}, the variation
with the epilayer thickness of thé electrical properties and the
photoluminescence could be interpreted in terms of impurity
accumulation due to high dislocation density within a thin epi-
layer near the interface. It is thus evident that even a small
Jattice mismatching of 0.27 % between ZnSe and GaAs causes the
degradation of the crystalline quality of the ZnSe epilayers.
Indeed a heavy degradation is observed near the interface. To
grow the ZnSe epilayers with crystalline quality high enough to
dope p-type impurities, alloy growth of ZnSXSel_X/GaAs (x=0.086)
with lattice matching, ZnSe homoepitaxial growth and ZnSe heter-
oepitaxial growth with thick epilayer thickness more than 10 um
should be tried. We shall discuss the ZnSe homoepitaxial growth

in the next section 2-2.
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2-1-2. Reactor pfessure dependence

In this section, we discuss the dependence of reactor pres-
sure at different growth temperatures on the crystalline quality
of the ZnSe epilayers and find the optimum reactor pressure of
growing Athe_ ZnSe epilayers with high crystalline quality. The
growth conditions employed in this experiment were that the
growth temperafures were 200—506 Oc, [Sel/[Zn] was 3, the flow
rate of DMZ ([DMZ]) was 3.2x10°° mol/min and the reactor pres-
sures were changed from 0.1 to 10 Torr. The MOVPE growth system
used in this work 1is illustrated in Fig. 2.1.1. Generally, in
the combination of DMZ/HoSe, the chemical reaction in the vapor
phase is repressed by reducing the reactor pressure. It is not
yet clarified, however, whether the chemical reaction 1is com-
pletely controlled by lowering the reactor pressure, since it is
also related to the design of reactor. The reactor pressure is
controlled by adjusting the valve before the rotary pump.

Figure 2.1.6 shows the dependence of the reactor pressure on
the growth rates of the-ZnSe_epilayers grown at different temper-
atures. As the reactor pressure increases, the growth rate in-
creases and saturates at around 1 Torr. This. reactor pressure
dependence is almost independent of the growth temperature be-
tween 280 and 320 ©C. Since the respective flow fates are kept
constant, the increase in reactor pressure leads to decrease in
respective flow velocities and to increase in éoncentration of
the source gases. The saturating phenomenon is then thought to be

due to the formation of some polymers in chemical reaction. The
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saturation pressure is naturally dependent on the growth temper-
ature. Actually, at 400 ©C, the saturation is not seen even at 10
Torr. Though the re-evaporation is prominent at 400 OC and 0.1
Torr, it is repressed by increasing the reactor pressure to 10
Torr. The sticking coefficient of the source gases on the sub-
strates is heightened. Though the chemical reaction at 400 ©C is
rather serious, high crystalline quality is still maintaihed.
Increase in reactor pressure does not always cause a degradation
in crystaliiné quality.

Figure 2.1.7 shows surface morphologies of the ZnSe epilayers
grown at 350 °C and differént reactor preésures (0.1 and 6.2
Torr). The directional hillocks along <011> are observed inde-
pendently of the reactor pressure. Namely, such a hillock struc-
ture is generated by other causes. The origin of the hillocks is
not due to chemical reaction, but probably related to re-evapora-
tion of VI-family of atoms. From the viewpoint of chemical reac-
tion, it is imagined that the increase of the reactor pressure
leads to the heavy chemical reaction and to increase the sticking
coefficient of the source gases. The latter is possib;e to take
effects on repressing the re-evaporation of IV-family of atoms
from the epilayers. Thus the crystalline quality is heightened by
increasing the reactor pressure. By increasing the reactor pres-
sure, it is expected that the hillock structure disappears and
the epilayers are grown with mirror-like surface morphologies and
high crystalline quality. We will discuss the crystalline quality
and surface morphologies of epilayers grown at the atmospheric

pressure (760 Torr) in section 2-1-3.
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Next let us discuss the crystallographic property of the
epilayers. Figure 2.1.8 shows the dependence of the reactor
pressure on the FWHM of (400) ZnSe diffraction patters in ZnSe
epilayers grown at various growth temperatures and reactor pres-
sures. When the growth temperatures are between 200 and 250 O¢,
the increase of the reactor pressure improves the crystalline
quality drastically. It indicates evidently that the reactor
pressure controls the stoichiometry of the ZnSe epilayers, namely
the re-evaporation of the VI-family of atoms. At growth tempera-
tures more than 300 °C, however, the reactor pressure is not
effective on the crystalline quality. As the growth temperature
decreases, the effect of the reactor pressure on the crystalline
quality becomes more prominent. One may further keep the follow-
ing fact in mind. The increase of the reactor pressure increases
sticking coefficients of the source gases, the concentrations. It
can easily form ZnSe lattice at same growth temperature.

Next we discuss electrical properties of these epilayers.
Figure 2.1.9 shows the temperature dependence of electrical
properties (n, o ,;tH) measured by Hall measurement - of the ZnSe
epilayers (Tg=300 O¢, Pg=0.1‘Torr and Tg=300 Oc, Py=7.4 Torr).
Table 2.1.2 shows the 1list of electrical properties of epilayers
grown at various growth temperatures and reactor pressures.
Between 300 and 350 ©C, the resistivity ( o) and mobility ( ”Iﬂ
increase, while carrier concentration (n) decreases as the reac-
tor pressure increases. The Hall measurement also indicates that
the crystalline quality is improved as the reactor pressure in-

creases. For the growth temperature of 350 Oc and 6.2 Torr,
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mobility at 77 K becqmes about 3000 cmz/V's. The high value shows
that impurities are repressed by increasing the reactor pressure.
The total residual impurities in the epilayers are from both the
source gases and the ambience. Namely, raising the reactor pres-
sure 1increases the concentration of source gases, dilutes the
contamination from the ambience and represses the diffusion of
the impurities from the ambience. Though the crystallographic
property is not appreciably»improved by increase in reactor
pressure at >300 ©C, it is thought that the crystalline quality
is really impreved.

Figure 2.1.10 shows the dependence Qf reactor pressure on the
PL ratio (ratio of the PL ihtensities of BE emission to SA emis—.
sions) at 77 K of the ZnSe epilayers grown at various growth
temperatures. For growth temperatures less than 250 OC, the PL
ratio increases as the reactor pressure increases. It indicates
that the concentration of SA centers, which is the origin of the
SA-PL 1intensity, 1s decreasing. On the other hand, between 300
and 350 °C, the PL ratio is decreasing drastically. It indicates
that the concentration of SA centers increases and the crystal-
line quality is degraded. It is seemingly inconsistent with the
result of Hall measurement. The inconsistency is explained by
examining the absolute SA-PL intensity and by analyzing the
temperature dependence of Hall measurement. Increasing the reac-
tor pressure, it is estimated that the concentrations of SA cen-
ters, donor- and acceptor-like impurities are decreasing togeth-
er. Particularly, the inclusion of acceptor-like impurities in

the epilayers is limited by the reactor pressure, which is proba-
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bly coming in from the ambience. The compensation ratio thus
becomes lower as the reactor pressure increases.

The increase in the reactor pressure causes a raise in growth
rate and improvement of the crystalline quality. The chemical
reaction in the vapor phase does not always contribute to the
epitaxial growth even 1if the reactor pressure 1increases. The
residual impurity concentration is limited to that in sdurce
gases and carrier gas. By raising the reactor pressure, the flow
rates of source gases and carrier gas, one can get free from the
contamination due to the ambience. In the epitaxial growth under
the atmospheric pressure, it is important to obtain the ZnSe epi-
layers with high crystalline quality and high purity. The carrier
concentration of the ZnSe epilayers grown at 250 °C and 0.1 Torr
is about 4x1017c¢m™3. On the other hand, the carrier concentration
of the ZnSe epilayers grown at 250 OC and 760 Torr is less than
1015 c¢m™3 as will be mentioned in the next section. The fact is
the expectable results. We will further discuss the dependence of
[Sel/[Zn] and VZn/Se (the ratio of flow velocity of [DMZ] to that
of [HZSe]) on the crystalline quality of the ZnSe epilayers grown

under the atmospheric pressure in detail there.

2-1-3. Dependence of source gas mole ratio and gas velocity
ratio on crystalline quality of ZnSe epitaxial layers

(epilayers) grown by atmospheric pressure MOVPE

In preVious section, we have investigated the MOVPE growth of
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undoped ZnSe epilayers under the reduced pressure and assured
that the atmospheric pressure MOVPE is hopeful to grow the ZnSe
epilayers with device quality. In this section, we report the
ZnSe epilayers grown at growth temperatures of 220-300 ©°cC,
utilizing HoSe and DMZ as source materials under the atmospheric
pressure. The effects of the flow velocity of each source gas
(VZn . VSe) and [Sel/{Zn] on surface morphologies and stoichiome-
try of ZnSe epilayers will be examinéd.

The crux of this section shows that it is possible to vary
the above growth parameters independently by adjusting the flow
rate of each carrier gas according to the reactor configuration
at the atmospheric pressure and to grow the ZnSe epiléyers with
smooth surfaée morphologies.

, The MOVPE growth sysfem used in this work is illustrated in
Fig. 2.1.11‘which is diffefent from that in Fig.2.1.1. The reac-
tor design is horizontal. It is because of the simple flow of
the source gases and lack of the convection current in the hori-
zontal reactor, which is important particularly at the atmospher-
ic pressure. The center tube carrying zinc alkyls extends to
about 2-3 cm above the GaAs substrate on a SiC coated carbon
susceptor. GaAs substrates were heated by a conventional electric
furnace or by an IR-radiant heater. Before growth, the GaAs
substrates were preheated at 760 Torr under hydrogen atmosphere
at 800 °C for 10 minutes. Growth conditions are listed in Table
2.1.3. Vg4 and Vggq were calculated from the size of the
center tube and reactor, and were adjusted by varying the flow

rates of the carrier gas. A typical growth rate for an epilayer
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which exhibits excellent surface morphology was 8.2 gzm/h., which
was limited by the supply of DMZ.

The surface morphologies of ZnSe epilayers for various VZn/Se
(=VZn/VSe) and [Se]/[Zﬁ] were observed by a Nomarski phase con-
trast interference microscope. Figure 2.1.12(a) represents the
familiar "orange peel" type of morphology with some hillocks as
previously reported by Wright et al. [43]. As VZn/Se increases,
the "orange peel" type surface morphology disappears and induces
a surface morphology with hillocks along the <011> direction
observed in a low pressure system (Fig. 2.1.12(b); VZn/Se=180)
[568]. Such a surface morphology under these growth conditions 1is
undoubtedly reiated to the elimination of premature reaction. A
further increase in VZn/Se simply reduces the growth rate. Figure
2.1.12(6) shows the surface morphology of an epilayer grown at a
[Sel/[Zn] of 30 which is much higher than that ([Sel/[Zn]=3) of
an epilayer shown in Fig. 2.1.2(b) with the same VZn/Se (
VZn/Se=180). The surface morphology is quite smooth with very
little background texture, due probably to suppression of re-
evaporating Se atoms in the ZnSe epilayer. This is analogous to
the growth of the III-V compounds by MOVPE in that the growth
conditions with a high [V]/[III] are necessary for suppressing
the volatility of the group V constituents. Observation of
cleaved cross sections of ZnSe epilayers (Fig. 2.1.12.) also
shows that the flatness of epilayers grown under these growth
conditions coincides well with the results of the surface mor-
phologies. The surface morphologies of epilayers which were

reported in the past become much poorer as the epilayer thickness
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increases (Figs. 2.1.12(a) and 2.1.12(b).). This 1is probably
because it is difficult in the low pressure system to vary these
growth parameters independently. '

Double crystal X-ray measurement is helpful in determining
the crystalline quality of ZnSe epilayers accurately. The full-
width at half maximum (FWHM) of the ZnSe(400) diffraction spectra
of a ZnSe epilayer is about 125 sec regardless of the surface
morpholégy (Fig. 2.1.13.).

The PL spectra are measured using a 6 mW He-Cd laser ( A =
325 nm)>as the excitation light source. The PL spectrum at 77 K
of a ZnSe epilayer (see Fig. 2.1.14.) grown on a (100) GaAs sub-
strate consists of a narrow BE emission at 445 nm and SA emis-
sions with very low 1ntensitiés at longer wavelengths (at 560-600
nm). At room temperature (R.T.), the BE emission in the PL spec-
trum was not obsérved, due probably to the very low concentra-
tion of thically active donor species in the epilayers. It is
also supported by SIMS measurement that the residual impurities
is undetected and the concentration is at least less than 101°
cm™3 in ZnSe epilayers. As stated in section 2-1-2, it is proba-
bly because the ambience is diluted by the large quantity of Hz
carrier gas on the growth mechanism. Hall measurementé also
show that all the ZnSe epilayers grown under the atmospheric
pressure have high resistivities and the cafrier concentrations
are below 1015.cm'3. These results indicate that the ZnSe epilay-
ers are purified to the purity of the source'gases, as discussed

in section 2.1.2, independently of source gas mole ratio and

source gas velocity.

42



We have demonstrated that the ZnSe epilayers with an excel-
lent mirror-like surface morphology can be grown on GaAs‘sub—
strates by controlling the VZn/Se and [Sel]/[Zn] at the low growth
temperatures of 220-300 OCc. Premature reaction can be suppressed
by the optimization of VZn/Se even at the atmospheric pressure.
The surface morphologies of ZnSe epilayers are improved with high
[Se]l/[Zn] (>10), which is probably reiated to the stoichiometry
of ZnSe. Thus it is thought that the ZnSe epilayers can be grown

with crystalline quality high enough to dope p-type impurities.

2-1-4. Growth temperature dependence

Next let us discuss the dependence of growth temperatures
(200-400 ©C) on the crystalline quality of ﬁndoped ZnSe epilayers
grown under the atmospheric pressure 1in order to heighten the
crystalline quality still more. The growth conditions except
growth temperatures used in this section are almost the optimum
ones ([Sel/[Zn]=12, Vzn/se=180, [DMZ]=15.5x105 mol/min.) men-
tioned in section 2-1-3.

Figure 2.1.15 shows the dependence of growth temperaturé on
the growth rates of the:ZnSe’epilayers. The growth rate is inde-
pendent of the growth temperature and dependenf on the Quantity
of supply of the DMZ. The growth rate is about 6.5 pgm/h under
these growth conditions. Particularly, at 400 °C, the growth rate
of ZnSe epilayers grown under the reduced pressure is decreased

abruptly to less than 0.2 zm/h. It is because the chemical reac-
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tion between DMZ and HZSe in the vapor phase prevents the epilay-
ers from being grown on the substrates. In the atmospheric pres-
sure, the chemical reaction is suppressed by controlling the
Vzn/se and [Sel/[Zn]. Such a chemical reaction as decreasing the
growth rate is very serious in the epitaxial growth. However,
even when the growth rate is decreasing at the atmospheric pres-
"sure, it is thought that the crystalline quality or the surface
morphology would be degraded also by other reasons than the
chemical reaction.

Figure 2.1.i6 shows the surface morphologies of the epilayers
grown at different temperatures. In 200 °C, the surface morpholo-
gy is very hazy and the crystalline quality is similar to poly-
crystal 1like. The surface morphology is mirror-like in 250 ©C
and gradually begins to worsen in 300 ©C, being related to the
stoichiometry.

Figure 2.1.17 shows the dependence of growth temperature on
the FWHM of (400) ZnSe diffraction patterns. The FWHM is broad
and the crystalline quality is bad in the growth temperature
region of less than 200 ©°C and higher than 350 ©°C. However, the
high crystalline quality of the epilayers is maintained between
210 and 300 ©C. As the growth'temperature increases, the surface
morphology is worsened and the crystalline quality is degraded.
The growth temperature dependence is much different from the case
of the epitaxial growth under»the reduced pressure. In the re-
duced pressure, the crystalline quality is not always related to
the surface morphology.

Next let us discuss the PL properties. Figures 2.1.18 and 19
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show PL'spectra at 77 K of ZnSe epilayers grown at different
temperatures. As seen in the figures, though the PL intensity of
the BE emissibn is weak, the PL intensity of SA emissions (SA-PL
intensity) is strong. Also the broad BE and Y emissions are seen.
This is probably because the growth temperature is too low to
maintain the crystalline quality. Furthermofe, the reason why the
PL. intensity of the BE emission (BE-PL intensity) decreases
drastically is thought that the sticking coefficient of impurity
is decreasing at 200 Oc. It indicates that the efficiency of
drawing impurities into the epilayers is heightened by the degra-
dation of the crystalline quality. At 250 ©C, the BE-PL intensity
increases by two orders of magnitude_and the SA-PL intensity de-
creases. At 300 ©C, the SA-PL intensity begins to increase again.
At 350 °cC, SA—PL‘intensity seems to increase dominantly. But it
is because the BE-PL intensity decreases drastically in accord-~
ance with the variation of SA-PL intensity. The FWHM of the BE
emission is very sharp and it shows that the crystalline quality
is high. However, the result is inconsistent with the result of.
double crystal X-ray spectrometer. Since the BE-PL intensity of
the ZnSe epilayer grown at 350 OC decreases drastically, n-type
impurities are not includéd'so dense in the epiiayer probably by
the decrease of the sticking coefficient of the impurities. The
estimation by X-ray diffraction shows that the ﬁigh density of
dislocations would be generated in'the epilayers.
Figure 2.1.20 shows the growth temperature dependence of PL

intensities of BE, Y and SA emissions and PL ratio at 77 K. The

SA-PL intensity is almost unchanged by the growth temperature.
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The BE-PL ihtensity has a peak in the region of the growth tem-
perature between 210 and 250 ©C. A small change of growth temper-
ature, from 200 to 210 ©C, increases the BE-PL intensity by more
than two orders of magnitude. As the growth temperature increases
from 250 to 300 °C, the BE-PL intensity decreases drastically and
its PL intensity at 350 ©C is by about two orders of magnitude
weaker than that at 250 °cC. Furthefmore, Y emission is observed
only at 200 and 350 °C. The reason why the Y-PL intensityrbecomes
strong at temperature lower than 200 ©C is thought to be that
the crystalline quality is worsened by being grown at too a low
temperature. The degradation of the crystalline quality is also
supported by the broadness of Y emission. Also the'reason why
the BE-PL intensity decreases at temperatures higher than 300 °©C
is thought to be that the sticking coefficient is decreasing or
that the occurrence of Zn vacancy 1is related to the activation
rate of the impurity in the epilayer. Also, the growth tempera-
ture dependence has the same tendency with that of the epitaxial
growth under the reduced pressure.

Figure 2.1.21 shows PL spectra at 4.2 K near the band-edge
region (435-460 nm) of the ZnSe epilayers grown at different
temperatures. Clearly, E;, 1y and I are seen with relative
intense intensities. At 250 ©°C, the IX—PL intensity is.stronger
than the Ex-PL intensity and it indicates that donorbimpurities
are included in. At 300 K, the IX-PL intensity decreases, though
the EX—PL intensity increases5 It indicates that the epilayer is
grown with high purity. At 350 ©C, the I,-PL intensity decreases

more, while the IV—PL intensity seems to increase reversely. It
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indicates that the sticking coefficient of donor impurities is
decreasing af temperatures above 300 Oc. Since the FWHM's of all
these emissions are broad, it 1is evident that the c¢rystalline
quality is degraded by the increase of the growth temperature.
Also, the origin of I, is rélated to the dislocations, namely,
the degradation of the crystalline quality.

A1l the ‘epilayers have high resistivities, and the carrier

015 -3 as discussed in section 2-

concentration is lower than 1 cm
1-3. The result also indicates that the ZnSe epilayers are
purified to the purity of the source gases, as discussed in sec-
tion 2.1.2, independently of growth temperature. The kinetic
energy reqﬁired to form the ZnSe lattice determines the crystal-
line quality in the low growth temperature region (<210 Oc) and
the generation rate of Zn vacancies determines the crystalline
quality in the high growth temperature region (>300 OC). There-

fore, the optimum growth temperature is the region between 210

and 300 ©cC.

47



2-2. Homoepitaxial growth

Next we will discuss the effects of lattice matching on the
crystalline quality. A special attention is paid to the improve-
ment of the crystalline quality by matching the respective lat-
tice constants between the epilayer and substrate! The ZnSe
epilayers have generally been grown on GaAs substrates whose
lattice mismatching with ZnSe is 0.26 %. However, the lattice
mismatching between ZnSe and GaAs causes misfit dislocations
[45,54,57,59] which lead to deterioration of the epilayer as
discussed in section 2.1.1. The difference in coefficient of heat
expansion also worsens the quality of the epilayef and results in
Antroduction of dislocations or defects, arising from the inter-
facial region [60]. Another inconvenience of heteroepitaxy 1is
the diffusion of host atoms into the epilayer [61]. If Ga atoms
diffuse into the ZnSe epilayer, they may compensate the p-type
impurities. In order to eliminate the problem of mismatching,
Mitsuhashi et al. [44] grew lattice-matched ZnSXSel_X on GaAs
substrates using DMZ, dimethylselenide (DMSe) and diethylsulfide
(DES) at a growth temperature of 500 ©C and obtained high-quality
epilayers with a FWHM of 40 arc sec from double crystal x-ray
measurement. Even in this case, however, exact lattice matching
could not be completed due to the difference of thermal expansion
coefficients. As the growth temperature is increased, the differ-
ence of the thermal expansion coefficients may contribute more to
the degradation of the quality, and Ga étoms of donor species

diffuse even more rapidly from the GaAs substrate into the epilay-
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er.

The simplest method to solve these problems is to grow ZnSe
epilayers on ZnSe substrates like homoepitaxial growth of III-V
compounds such as GaAs epilayers on GaAs substrates. Thus homoe-
pitaxy is quite attractive as a method to remove the above disad-
vantages of heteroepitaxy; For the purpose of homoepitaxy, high
quality ZnSe bulk single crystal is reduired as‘substrate. We
choose iodine vapor transport method as one of ZnSe bulk crystal
growth and report ZnSe substrate preparation in section 2-2-1. In
the past, several attempts were made for the homoepitaxy of ZnSe.
For example, Werkhoven et al. [62] tried to grow undoped ZnSe
epilayers by liquid phase epitaxy (LPE) on the ZnSe substrates
provided by Eagle-Pitcher Industries, Inc. Blanconnier et al.
[63] reported the MOVPE of the ZnSe using two kinds of ZnSe
substrates grown by the Piper and Polish method and by iodine
vapor transport. Recently, Park et al. [64] aleo grew the ZnSe
epilayers by MBE on the Eagle-Pitcher's ZnSe substrates. They
also investigated the effects of the orientation [(100), (110)
and (111)] of the substrate on PL properties of epilayers and the
effects of the argon ion sputtering as the pretreatment of the
substrates before growth. It is found essential to epitaxial
growth that the surface state of substrate greatly affects the
crystalline quality of the epilayer. Nevertheless, it has never
been discussed in ZnSe homoepitaxial growth. We will first repoft
the effect of heat treatment of ZnSe substrate just before growth
on the crystalline quality of the ZnSe homoepilayer in section 2-

2~-2(A) before discussing the ZnSe homoepitaxial growth systemat-
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ically.

Menda et. al. [65] investigated the differences of the PL
properties between the 'homoepilayer and the heteroepilayer in
detail. The data of the ZnSe homoepilayer which indicates crys-
talline quality higher than the heteroepilayers has not been re-
ported yet. The problem of out-diffusion of impurities from the
substrate has not been. sufficiently discussed either. We will
report the ZnSe.homoepitaxial growth in detail in sections 2-2-
2(B), (C) and (D)., and discuss the systematic dependence of
growth conditions (source gas mole.ratio and growth temperature)
on the crystalline quality and propose a new ﬁechanism of out-
diffusion of impurities and native defécts into ZnSe homoepiiayer
from the ZnSe substrate (section 2-2-2(B).). At the end, we will

compare the homoepitaxial growth with the heteroepitaxial growth.

2-2-1. 7ZnSe substrate preparation

ZnSe bulk crystal (20x14x14 mm3) was grown by the iodine
Vapdr trénsport method [66]. Then the ZnSe substrates (about (5-
10)x10x0.5 mm3) used in this work were cut and polished along the
(1OO)+0.3O orientation in Tsukuba Research Laboratory (Nippon
Sheet Glass Co., Ltd.). Photographs of typical wafers are shown
in Fig. 2.2.1. The substrates have no twins in the faces and the
etch pit density is (2-7)x10% cm™2. The FWHM of the ZnSe(400) X-
ray diffraction peak of the substrate is 13 arc sec (see

Fig.2.2.2.), which indicates the highest crystalline quality
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ever reported. The PL spectrum at 300 K (see Fig. 2.2.3.) of the
substrate, however, shows strong SA emissions at longer wave-
length, which are ascribed to defects due to complex of Zn vacan-
cy and iodine impurity [67,68]. The following procedures of
chemically cleaning ZnSe substrates were adopted: (1) rinsing in
trichloroethane; (2) rinsing in acetone; (3) rinsing in methyl
alcohol; (4) etching in 1 % Bro-CH3OH for 5 minutes; (5) rinsing
in DI water. Using this etching, the surface layer of about 124%«
m was removed together with the amorphous and the strained layer

generated by polishing.

2-2-2. 7ZnSe homoepitaxial growth

(A) Effect of heat treatment conditions of ZnSe substrate on

crystalline quality of ZnSe homoepilayer.

In this section, We report the MOVPE growth of undoped ZnSe
epilayers on (100) ZnSe substrates cut from ingots grown by
iodine wvapor transport method and try to raise the c¢rystalline
quality of the ZnSe epilayers by the homoepitaxial growth. At
first, there is a serious pfoblem how the pretreatment of the
7ZnSe substrates should be done to grow the ZnSe homoepilayers
with high crystalline quality. This point has never been investi-
gated. The purpose of the present section is to show the effects
of the heat treatment of the substrates before the growth under

various atmospheres on the morphological, crystallographic and
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photoluminescence properties and the optimum cleaning procedure
of the substrates to remove surface contaminants and oxide lay-
ers.

The source materials used in this work are DMZ and H,ySe. The
undesirable premature reaction between source gases is completely
prevented by controlling the flow velocity of each source gas
(VZn, VSe)leven at the atmospheric pressure as mentioned in
section 2-1 (heteroepitaxial growth). The Von _and Vge are easily
adjusted bybvarying flow rates ofvreépective Hoy carrier gases.

Before grow%h, removal of the surface contaminants and the
oxide layer on the substrate is critical to obtaining epilayers
with high crystalline quality. We find the optimum conditions of
treatment by investigating the characteristics of epilayers grown
on ZnSe substrates pretreated under various atmospheres and
temperatures. The conditions of the treatments are listed in
Table 2.2.1. The parameters of the treatments are atmospheric
gases (H2, HoSe and DMZ), the heating temperatures (300 - 650 °C)
and the period of the treatments (10 - 30 min.). The growth
conditions of all the epilayers are the same (the growth tempera-
ture is 250 ©C, the reactor pressure is an atmospheric pressure,
the flow rate of DMZ is 1.55x107° mol/min., the source gas mole
ratio is 2.8, the total flow rate including the carrier gas is
3.3 1/min., the period of the growth is one hour and the epilayer
thickness is about 86 uzm.).

The surface morphologies of ZnSe epilayers grown on the sub-
strates pretreated at various temperatures in a hydfogen'atmos—

phere (the flow rate is kept 4 1/min.) are illustrated in Fig.

52



2.2.4. The epilayer (# 149) without heat treatment has a very
rough morphology aﬁd shows countless triangular hillocks (see
Fig. 2.2.4(a).). All homoepilayers grown on treated substrates at
more than 300 °C for 30 minutes have no triangular hillocks and
are mirror-like and smooth (see Figs. 2.2.4(b)—(d).). This phe-
nomenon indicates that part of the contaminants adhering to the
substrate can be removed by the heat treatment. Heat tfeatments
made above 650 °C are 1ikely to worsen surface morphologies of
epilayers and the period of treatments also becomes the important
factor (see Figs. 2.2.4(d) and (e).). This is probably due to the
prominent re-evaporation of Se and Zn atoms from the ZnSe sub-
strate at temperatures higher fhan 800 ©°C. The flow rate of Hoy
carrier gas may also influence some effects at high temperature,
but is not discussed here. Next, the effects of heat treatment
under various atmospheres (H2 only, H2 plus HZSe and Hz plus
DMZ) on the surface morphologies of the epilayers are shown in
Figs. 2.2.5(a)-(c). The substrates are held under the controlled
atmospheré for 20 minutes at 600 °C. All other growth conditions
remain the same. The effects!of the treatment in Ho atmosphere
including DMZ are similar to those in only Ho atmosphere because
of the small concentration_bf DMZ (see Figs. 2.2.5(a) and (c).).
However, the heat treatment in He atmosphere ihcluding HoSe is
very effective for obtaining homoepilayers with eicellent surface
morphologies (see Fig. 2.2.5 (b).). The homoepilayers are smooth-
er than the similar heteroepilayers. Apparently, the introduction
of additional HZSe in the atmosphere prevents re-evaporation of

Se atoms from the ZnSe substrate at a high temperature of 600 °C,
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similar to substrate preservation process used in the epitaxial
growth of III-V compounds.

We will next discuss the PL properties of the ZnSe homoepi-
layers‘with various pretreatment conditions of the ZnSe sub-
strates just before growth. The PL spectra measured ét 77 K are
shown in Fig. 2.2.6 as a function of temperature of heat treat-
ment of the substrates. The heat treatment just before growth is
found to have a profound effects on the SA-PL intensity of the
ZnSe epilayers. Heat treatment above 300 Oc is an effective
procedure for reducing the density of SA centers. The SA-~-PL
intensity cannot be reduced below a level of the SA-PL intensify
in the heteroepitaxial growth even if the temperature of the heat
treatment is raised from 300 to 600 ©°C (see Figs. 2.2.6(b) and
(c).).

The origin for generating SA centers is supposed to be two-
fbld. One would be the impurities in the epilayer. The substrates
contain iodine impurities of about 200 ppm. It is supposed that
they would diffuse from the substrate into the epilayer during
growth or would be incorporated through the out-diffusion by re-
evaporation of the constituents of ZnSe during heat treatment at
high temperature. The SA-PL intensity remains independent of
temperature. It is thought that the growth temperature of 250 ¢
is low enough for the iodine impurity to diffuse. Apparently, the
SA—PLrintensity is irrelevant to behavior of iodine impurities.
The other origin would be native vacancies (Zn or Se vacancies).
It is found that the SA-PL intensity becomes stronger as the

source gas mole ratio is increased (see Fig. 2.2.7.). Apparently,
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it is because Zn vacancy, which is one of the origin of SA emis-
sions, diffuses into the hbmoepilayers from the substrates even
at 250 °C and generates a SA center by combining the residual
impurity in the homoepilayers. In the heteroepitaxial system,
many dislocations originating near the interface due to the
lattice mismatching would accelerate the out-diffusion of some
impurities. However, no Zn vacancies are involved in GaAs sub-
strate uSed in the heteroepitaxial growth.

Figure 2.2.8 exhibits the PL spectra measured at 4.2 K. The
separation between Iy and Ey emissions becomes distinct and the
FWHM's of I, emission becomes sharper (0.8 meV; # 133) for higher
temperature of heat treatment. The observed value of FWHM is the
smallest that has ever been reported, indicating that the epilay-
er has a very high crystalliné quality. Apparently, all the
contaminants and oxide layer on the ZnSe substrate are completely
removed by the heat treatments at high temperature (600 ©C).

Let us now discuss the crystallographic property of the ZnSe
homoepilayers with various pretreatment conditions of the ZnSe
substrates just before growth. The double crystal x-ray diffrac-
tion patterns of ZnSe homoepilayers and a typical ZnSe substrate
used in this work are iliﬁstrated in Fig. 2{2.9. The FWHM of
ZnSe(400) diffraction paftern is 640 arc sec. Evidently, the
crystalline quality 1is wery bad when the ZnSe substrate is not
pretreated before the growth. As the temperature of treatment is
‘"raised, the FWHM of ZnSe(400) diffraction patterns is sharpened
to a value of 77 arc sec for the epilayer grown on the substrate

treated at 600 OCc. This value indicates that the ZnSe epilayer
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has the highest crystalline quality which has ever obtained using
any growth technique. The FWHM becomes broader (130 sec; # 139),
however, when the temperature is raised from 600 to 850 °C. The
treatment at 650 ©C would worsen the surface state of the homoep-
ilayérs by the re-evaporation of constituents. The FWHM of the
diffraction patterns of epilayers treated under various atmos-
pheres is the same (77 arc sec), indicating little effect on the
crystallino quality of the epilayers. Based on the results from
double x-ray diffraction, the optimum conditions of heat treat-
ment is found to be 600 °C and 20 minutes. This optimum condi-
tions coincide well  with the previous results of the surface
morphology and the PL spectra.

In summary, undoped ZnSe homoepilayers have been grown on
(100) ZnSe substrates at a low temperature of 250 °C by atmos-
pheric pressure MOVPE using DMZ and HZSe. Heat treatment of the
ZnSe substrate just before the growth has a dramatic effect on
the crystalline quality of epilayers. It is apparently by remov-
ing contaminants and oxide layer on the ZnSe substrate. The FWHM
of ZnSe(400) diffraction of epilayers grown after heat treatment
of 600 °C for 20 minutes is 77 arc sec and the FWHM of T4 PL
measured at 4.2ﬁK is 0.8 meV, while the typical values of the
heteroepilayer are 150 sec and 1.2 meV, respectively. The above
low values indicate that the homoepilayers'have the highest crys-
talline quality ever reported. The surface morphologies of the
homoepilayers become more excellent than those of heteroepilayers
by the introduction of the additional H,Se in H, atmosphere in

the heat treatment. In the homoepitaxial growth of ZnSe, SA
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centers are easily incorpbrated into the epilayer even at a low
growth temperature, probably because of the fast out-diffusion of
Zn vacancies.

Though the crystallographic property of the ZnSe homoepilayers
is superior to that of the ZnSe heteroepilayers, the PL property
is inferior to that of the ZnSe heteroepllayers. A ZnSe heteroep-
ilayer has a density of SA centers by an one order of magnitude
lower than a ZnSe homoepilayer. Since it is natural to expect
that the ZnSe homoepilayer has crystalline quality higher than
the ZnSe heteroepilayer, we discuss the origin of SA centers in
the ZnSe homoepitaxial growth and the mechanism of generating the

SA centers in ZnSe homoepilayers in the next section.
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(B) Origin of Self-activated (SA) emissions in ZnSe homoepi-

layer

In this section, we report the growth of undoped ZnSe homoep-
ilayvers on (100) ZnSe substrates at 250 OC by atmospheric pres-
sure MOVPE using DMZ and HZSe and investigate the crystalline
quality of the homoepilayers compared with that of the heteroepi-
layers. We will discuss the problem of the out-diffusion of
impurities and native defects from the ZnSe substrate during
crystal growth, which has never been treated, as the first step
to heighten the crystalline quality. |

The ZnSe substrates are thermally etched at 600 Oc, for 20
minutes, under H2(2 1/min,) atmosphere including‘HZS_e(4.6X10"4
mol/min.) in the reactor. The heat treatments just before the
growth were done under the optimized conditions for rémoving the
oxide layer and contaminants on the substrate as stated in sec-
tion 2-2-2(A) [69]. The growth conditions are listed in Table
2.2.2. The sample naméd HETERO-1 is a ZnSe epilayer grown on a
GaAs substrate under the same growth conditions as the homoepi-
layer (HOMO-1). Growth conditions of other samples (HETERO-2, 3
and HOMO—Z, 3, 4, 5) are the same except for the source gas mole
ratios ([Sel/[Zn]). Under the above growth conditions, the growth
rate was about 8 uzm/h independent of substrate material (ZnSe
and GaAs) and [Sel/[Zn]. HOMO-3 had an epilayer thickness of 11
m. This was to investigate the effects of out-diffusion of impu-
rities from the substrate on the crystalline quality of the

homoepilayer by reducing the growth period from 20 min to 10 min.
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On the other hand, HOMO-4 had an epilayer thickness of as large
as 15.8 yum (growth rate was 31.8  pygm/h with the period of 0.5
h.) lest impurities should diffuse from the substrate to near
the surface in increasing the flow rates of both source gases by
three times.

Let us next discuss the crystallographic property of the ZnSe
homoepilayers. Figure 2.2.10 shows the diffraction patterns of
ZnSe (400) measured by the double crystal x-ray spectrometer. To.
see crystallographic properties, it is very important to know the
FWHM of the diffraction pattern. In the spectrum of HOMO-1, the
diffraction patterns of ZnSe(400) from both the epilayer and the
substrate overlap one another (see Fig. 2.2.9(a).). Judging from
the sharpness (13 arc sec) of the FWHM of the substrate and the

6 um), a FWHM of 38 arc sec is regarded

epilayer thickness (tg
as being representative of the crystalline quality of the epilay-
er. In the case of heteroepitaxy (HETERO—l), the positions of
ZnSe(400) and GaAs(400) diffraction patterns are different from
each other by the lattice constants. The FWHM of HETERO-1 is as
large as 250 arc sec (see Fig. 2.2.10(b).). This value is several
times broader than that of HOMO-1 (38 arc sec). It shows that the
homoepilayers, which have been grown, have little strain and low
density of dislocations.

Next subject is the PL properties of the ZnSe homoepilayers.
Figure 2.2.11 represents the PL spectra measured at 77 K. It is
clear that the BE-PL intensity decreases to less than 1/100 as
[Sel/[Zn] 1increases from 2.8 to 60.  In this case, the absolute

PL intensity of the deep centers remains the same. It means
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either the concentration of donor Iimpurities decreases or the
crystalline quality degrades with increasing [Se]/[Zn]. In the
heteroepilayer, such a dependence of [Se]/[Zn] on the PL proper-
ties was not observed yet (see Fig. 2.2.12.). We have no explana-
tion for the phenomenon. Both the homoepilayer and the heteroepi-
layer have broad deep emissions near 560 nm (PL at 77 K). The PL
intensity of deep emissions of the homoepilayer is several times
more intense than that of heteroepilayer independent of [Sel/[Zn]
(see Fig. 2.2.13.). Figure 2.2.14 shows PL spectra at 4.2 K of
the homoepilayers at various [Sel]/[Zn] in the near band-edge
region. A strong and sharp IX emission line near 2.7969 eV (the
emission line has been reported at 2.7954 eV in the heteroepilay-
er [70].) becomes weaker and broader with an increase of
[Sel/[Zn]. This basically outlines the degradation of the crys-
talline quality rather than the decrease of the donor concentra-
tion in the epilayer. The conclusion; howevef, is inconsistent
with the crystallographic property of homoepilayeré at the high
source gas mole ratio. In addition to the Iy line, the E; line is
also observed at 2.8018 eV and the Iy line at 2.777 eV [T0].
Figure 2.2.15 shows the PL spectrum ofba heteroepilayer at 4.2 K.
The 1o line is alsb seen at 2.7981 eV. The 1line is probably
assigned to the excitonic emission due to Ga atoms diffused from
‘the substrate [70]. These excitonic emission lines are observed
to be shifted by 0.5-0.7 meV upwards relative to heteroepilay-
ers. Though the values are small compared with energy shift (3
meV) which Menda et al. [65] reported previously, the same energy

shift upward is reasonably observed, so that it indicates the
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absence of strain in the homoepilayers.

Next, we examine the out-diffusion of impurities from iodine
doped ZnSe substrate in order to investigate the origin of deep
emissions. There exist only a small amount of data on diffusion
coefficients of impurities in bulk ZnSe [71-77]. Though the out-
diffusion of iodine is thought to be an origin of deep emissions,
no data on the diffusion coefficient of iodine are available.

Figure 2.2.16 shows PL spectra ét 77 K of HOMO-3 and that of
the substrate. Deep emissions near 520 nm and 600 nm are seen in
the substrate, but HOMO-3 does not have these deep emissions. As
seen from Fig. 2.2.13., the peak wavelengths (560 nm) of deep
emissions are the same as those of heteroepilayers. Thus we
conclude from these results that the origin of deep emissions is
not diffused iodine impurities only. Another possibility is
copper impurity diffused from the substrate with high diffusion
coefficient. It is true that analysis by inductively coupled
plasma (ICP) spectroscopy shows that the substrates contain
copper impurities of less than 1 ppm (undetectable). But, it is
well-known that the diffusion coefficient of copper impurity is
extremely high in ZnSe [71-73]. Generally, the diffusion coeffi-
cient D, which depends on the temperature, is calculated by the

following formula [781;
D=DOEXP(~ AE/kTG), (1)

where D is a temperature 1ndependent constant, AE an activation

energy and TG a growth temperature. The mean penetration depth
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of diffusant is given by 2(Dt)1/2. In the case of copper,
Dy=1.7x10"%cm? 5”1 and AE=0.56 eV [71,72] where t is the period
of growth. Tg is 523 K (250 OC). Then, from equation (1),
D=6.9x10"11lem?2:-s™ 1. since the period of growth 1is usually one
hour, the mean penetration dépth is about 10 um. Namely; in all
samples except HOMO-4, copper impurities could diffuse from the
substrate to the surface of the homoepilayers. The distribution
of impurities diffusing from the substrate is described by the

following complementary error function [79,80];

C(x,t)= Cserlc [x/2(DT) "], (2)

where
erfc(x)=1-erf(x), (3)
erf(x)=(2/7”2{f exp( — a?)da. (4)
0

Cq is the surface concentration of impurities in the ZnSe sub-
strate and erf(x) denotes the error function. In the HOMO-1, 2
and 3, the surface concentration (C(x=tg,t)) of copper impuri-
ties diffusing from the substrate can be calculated by equations
(2)-(4) if we put Cg=1 ppm. And we put C(HOMO-1, 2, 3)=0.7 ppm,
0.7 ppm and 0.94 ppm, respectively. In the case of HOMO-4, since
the growth rate 1is as high as 31.6 gym/h., the calculated value
(C(tg,t)=0.007 ppm) under the above conditions is too small to

facilitate diffusion onto the surface of the epilayer.
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Figure 2.2.17 shows PL spectra at 77 K of HOMO-3 and 4. As
. seen in the figure, the same deep emissions were observed with
identical intensities. It means that there 1is not so large a
difference in concentration of deep centers between the above two
samples as 1is expected from the calculation. Moreover, the emis-
sion line of the bound exciton due to copper mnear 2.783 eV
[80,81] in the 4.2 XK PL spectra is observed in no sample (see
Figs. 2.2.183 and 2.2.14.). This result shows that the out-diffu-
sion of copper is unlikely. Thus we conclude that some impurities
in the ZnSe substrate do not diffuse into the homoepilayer. The
last possibility is the diffusion of Zn vacancies from the ZnSe
substrates. But the bound exciton emission line due to the Zn
vacancy itself near 2.783 eV (called Iid [81,82]) is not seen in
our samples (see Fig. 2.2.14.). Since the origin of the deep
emissions which afe observed at 560 nm is supposed to be complex-
es between the Zn vacancies and impurities in the epilayer and
the PL intensity in the homoepilayer 1is several times stronger
than that in thé heteroepilayer, we can imagine that the homoepi-
layer contains more Zn vacancies than the heteroepilayer. At this
moment, the origin of Zn vacancies present in the homoepilayer is
unclear. One possibility is that they diffuse frdm the substrate
into the homoepilayer. Théy may easily combine with impurities
without being isolated. Though there is little evidence that the
Zn vacancy diffuses even at 250 Oc, iodine-doped ZnSe contains a
high density of Zn vacancies (see Fig. 2.2.16., the order of 100
ppm, probably.). Probably the Zn vacancy should have diffused

from the ZnSe substrate. We cannot help suggesting that the out-
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diffusion of the Zn vacancy is prominent in the ZnSe homoepitax-
ial growth. Namely, the deep emissions are thought to be SA
emissions. If the Zn vacancies diffuse in the epilayer, the
temperature independent coefficient of diffusion (DO) would
easily be calculated from the equations (1)-(4) in the sample of
HOMO-4 to yield more than 10—4 cmz's'l'at 250 OC. We plan to
investigate the dependence of growth temperature in ZnSe homoepi—
layers on the‘generation rate of SA centers to verify the above
suggestion in section 2-2-2 (D).

In summary, we have obtained ZnSe homoepilayers grown at 250
OC at a high value of [Sel/[Zn] with high crystalline quality
(its FWHM is 38 arc sec.). From the PL properties, it is shown
that the BE-PL intensity decreases drastically as [Sel/[Zn]
increases. This phenomenon is.quite different from the heteroepi-
taxial growth case. The reason has not been established yet.
Broad deep emissions are seen at 560 nm and the PL intensity is
several times stronger than that of the heteroepilayer. The
origin of the deep emissions is identified with complexes between -
Zn vacancies and residual impurities in the epilayer. It is nof
impurities (iodine or copper) with high diffusion coefficient
diffusing from the substrate. Thus we conclude that the deep
emissions are SA emissions. It is suggested that the out-diffu-
sion of the Zn vacancies is suspected to be thé cause of genera-
tion of deep centers, and therefore it is important to control
the behavior of the Zn vacancies, particularly in homoepitaxy.
The generation mechanism of SA centers in the ZnSe homoepilayer

is probably thought to be the out-diffusion of Zn vacancies from
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the ZnSe substrate, which contains 200 ppm of iodine impurities
and high density of SA centers. It would be suggested that a
growth tempefature lower than 300 ©C decreases the generation of
SA centers in the ZnSe homoepitaxial growth. That might pre&ent
Zn vacancies from diffusing from the ZnSe substrate into the
epilayer. The [Sel/[Zn] is much related to the generation rate of
SA centers. It is expected that the concentration of SA centers

will be controlled by investigating the [Sel/[Zn].

(C) Dependence of source gas mole ratio on crystalline

quality of ZnSe homoepilayer

It is generally accepted that homoepitaxy is a reasonable way
for reduction of defect densities. As discussed in section 2-2-
2, however, the crystalline quality of the ZnSevhomoepilayer is
not always superior to that of the ZnSe heteroepilayer. One
origin of SA centers in the ZnSe homoepilayer is assigned fo be
7Zn vacancies generated in the epilayer. It is expected that the
concentration of SA centers will be controlled by investigating
the [Sel/[Zn] dependence.ﬁThe [Sel/[Zn] is much related to the
generation rate of SA cenfers in the ZnSe homoepitaxial growth.

The first purpose of the present section is to see the
[Sel/[Zn] dependence on the morphological, crystallographic and
PL properties of the ZnSe homoepilayers based on our previous
work [69,83] and to see whether the crystalline quality of ZnSe

epilayers can be heightened still more or not. We will discuss
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the growth temperature dependence of the ZnSe homoepitaxial
growth in the next section. The second is to compare homoepilay-
ers with heteroepilayers and to discuss the differences of crys-
talline quality in detail.

The MOVPE system and procedures employed here are illﬁstrated
in section 2-1-3 [49]. After the chemical cleaning, the sub-
strate was dried and quickly pPlaced on a susceptor inside the
preliminary chamber and carried intb the reactor which had not
been exposed to air. The substrates were preheated under hydrogen
atmosphefe (the flow rate was 4 1/min.) at 600 ©C for 20 minutes
just béfore growth and subsequentl& cooled down to the deposition
temperature of 250 ©C. The period of the growth was one hour at
the atmospheric pressure and the epilayer thickness about 6 um.
Growth conditions are listed in Table 2.2.3. The flow rate of DMZ
was kept constant (1.55X10_5 mol/min.) and the [Sel/[Zn] was
controlled from 1 to 60, by changing the flow rate of HZSe. In
all cases, the total flow rate including carrier gas was constant
in order to prevent thevundesirable premature reaction as dis-
cussed in section 2-1-3 (Vyz, and Vg, were also constant.).

The surface morphologies of ZnSe homoepilayers for various
[Sel/[Zn] are illustrated in Fig. 2.2.18. The surface morphology
of the homoepilayer (# 1) grown at [Sel/[Zn] of 60 is very hazy
to the eye and shows a very rough surface with no directional
hillocks 1like poly-crystalline structure under the microscope.
With decreasing [Sel/[Zn] , the surface roughness gradually
disappears and the surface morphology becomes quite smooth with

very little background texture. The homoepilayer (# 2) contains
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some features of haziness observed in # 1 with the mirror-like
surface morphology. In the homoepilayer (# 8; [Sel/[Zn]l=6), they
disappear completely and another type of hillocks appears. In the
- homoepilayer (#.4; [Se]l/[Zn]=2.8), the surface morphology 1is
entirely covered with their fine hillocks like the familiar
"orange peel™ type hillocks reported by Wright et. al. [58]. The
homoepilayer (# 5; [Sel/[Zn]=1) shows a poor morphology with
hillocks along <011> direction observed in heteroepilayers grown
by the low pressure MOVPE. The phenomenon described above con-
trasts with the [Sel/[Zn] dependénce in the heteroepitaxial
system reported in section 2-1-3. Heteroepilayers (# 6 and # 7;
[Sel/[Zn]>6) exhibit specular surface morphologies with very
little background texture (see Figs. 2.2.19 (a) and (b).), while
the heteroepilayer (# 8; [Sel/[Zn]}<6) shows the same morphology
with hillocks along the <011> direction as that of the homoepi-
layer (# 5; [Sel/[Zn]l=1) (see Fig. 2.2.18 and Fig. 2.2.19 (c).).‘
Thus, the hillocks observed along the <011> direction are caused
by deficiency of Se atoms during the growth of the ZnSe epilayer.
From these results, we conclude that the suppression of re-evapo-
ration of Se atoms from the epilayer will be essential to improve
the surface morphology of the épilayer in both homo— and hetero-
epitaxial growth. The homoepitaxial growth at the [Sel/[Zn] (>30)
is so much different from the heteroepitaxial growth and also
different from the homoepitaxial growth of III-V compounds.
Probably there exists a close relation between the complex behav-
ior of the premature reaction dependent on the combination of

source gases and the surface reaction on the ZnSe substrate at
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low growth temperatures.

Next we discuss the crystallographic property of the ZnSe
homoepilayers grown at various [Sel/[Zn]. Figure 2.2.20 shows the
ZnSe(400) diffraction pattern of typical ZnSe homoepila&ers under
various [Sel/[Zn] measured by the double crystal x-ray diffrac-
tion spectrometer. Figure 2.2.21 shows the [Sel/[Zn] dependence
on the crystallographic property of_ebilayers without‘and with
heat treatments. As a reference, the;bfystalline quality of ZnSe
heteroepilayers is also shown. We have already investigated the
effects of pretreatment of ZnSe substrates before growth on
characteristics of homoepilayers and found that the crystallo-
graphic proberty of homoepilayers (grown only at a [Sel]/[Zn] of
2.8) is drastically improved by the heat treatment of substrates
as shown in Fig. 2.2.22. The dependence of both [Sel/{Zn] and the
temperature of heat treatment on FWHM of the ZnSe(400) diffrac-
tion spectra (the Values aré shown beside each point.) are shown
systematically in Fig. 2.2.23. The abscissa and ordinate in the
graph indicate the [Sel/[Zn] and the temperature of heat treat-
ment of the substrate before growth, respectively. It is evident
that the crystalline quality of the homoepilayers is remarkably
improved by growing at high [Sel/[Zn] (> 15) , which is independ-
ent of conditions of treatment of the substrates. We have ob-
tained the ZnSe homoepilayer with highest crystalline quality
whose FWHM is 33 arc sec at a [Sel/[Zn] of 60. The surface mor-
phologies of high [Sel/[{Zn] (>15) are very hazy with a poly-
crystalline like structure..The crystalline'quality of the ho-

moepilayer is closely related not to the surface morphology but
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to stoichiometry in the ZnSe epilayer. On the other hand, the
crystalline quality of the heteroepilayers is little dependent on
[Sel/[Zn]. It is probably because the crystalline quality is
mainly influenced by many dislocations occurring from the inter-
face due to the lattice mismatching. Furthermore, as seen ih Fig.
2.2.21.,‘the crystalline quality of the homoepilayer at high
[Sel/[Zn]l (>15) is not improved by the heat treatment. This
result is different from the case of the low [Sel/[Zn] (=2.8) as
shown in detail in Fig. 2.2.22.° 1In the case of the low
[Sel/[Zn], as reported previously [69], the crystalline quality
of the homoepilayer is drastically improved by removing the oxide
layer and contaminants from the ZnSe substrate just before
growth. Though the reason is not clear yet why the crystalline
quality of the epilayers at high [Sel/[Zn] is better even wifhout
heat treatment, two possibilities.for this are suggested: 1) both
oxide layer and contaminants on the substrate are naturally
removed during the initial growth, or 2) they do not determine
the crystalline quality of the homoepilayer at high [Sel/[Zn]. If
the oxide layer and contaminants are naturally.removed at high
[Sel/[Zn] (>15), it is considered that the additional large
quantity of ]IZSe effectively causes their removal even at the
growth temperature of 250 Oc, by some chemical feaction at the
first stage of the growfh. From this end in view; we have tried
the following experiment. The pretreatment of the substrate was
done in the ambience of the same partial pressure of HZSe as the
growth conditions ([Sel/[Zn]=60 and the temperature of 250 ¢

for 60 minutes.). After that, a homoepilayer was grown at 2.8 of
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[Sel/[Zn] and the crystalline quality was compared with that of a
homoepilayer grown at 2.8 of [Sel/[Zn] without heat treatment. If
the crystalline quality is improved, one can conclude that a
large quantity of HoSe remove the oxide layer and contaminants
which adhere to the substrate. If it is not improved, it would be
suggested either they will not be.removed, or what they might be
removed before the growth is not so important for improving the
crystalline.quality at high [Sel/[Zn]. In the latter case, it
could be said that research on growth mechanism at high [Sel/[Zn]
would be necessary. The result was that crystalline quality was
not improved by above method. Namely, the HZSe does not remove
the oxide layer and contaminants (the FWHM was 640 arc sec.).
This means that the crystalline quality of epilayers was un-
changed. The oxide layer and contaminants are not removed or do
not determine the crystalline quality of the homoepilayer at high
[Sel/[Zn]. It 1is probably because the improving effect on the
crystalline quality is hidden in the complex growth mechanism at
high [Sel]/[Zn]. The crystalline quality of a ZnSe homoepilayer
grown at high [Sel/[Zn] seems not to be so good. This conclusion
is also consistent with the result of surface morphology.

Next the PL property of the ZnSe homoepilayer grown with
various [Sel]/[Zn] will be discussed. Figure 2.2.24 shows the
typical PL spectra at 77 K of ZnSe homoepilayers grown under
various [Sel/[Zn]. At low [Sel/[Zn] (<10), the strong BE emissibn
at 445 nm and weak deep emissions around 560 nm are observed. At
high [Sel/[Zn] (>10), weak BE emission and strong deep emissions

are observed. The change of the BE-PL intensity with [Sel/[Zn]
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(from 3 to 60) is about one hundred times. This indicates that
the concentration of donor impurities in the homoepilayer de-
creases at high [Sel/[Zn] (Se-rich condition). On the other hand,
the PL: - intensity of deep emissions is almost unchanged with
[Sel/[Zn]. Figure 2.2.25 shows the [Se]/[Zn] depeﬁdence of the PL
ratio in_both homo- and hetero- epilayers. As seen in the figure,
the dependence in homoepilayers is quite different from that of
the heteroepilayers. Figure 2.2.26 (a) shows 4.2 K PL spectra of
homoepilayers in near band-edge region. At low [Sel/[Znl, the Ex
emission line at 2.8018 eV, the strong I; emission line at
2.79869 eV (this is recently thought to be an impurity replacing a
"Se atom [84] which appears at 2.7954 eV in heteroepilayers [85].)
and the weak unknown I, emission line at 2.777 er(probably, a
donor bound exciton line [70]) are observed. Furthermore, the
FWHM of IX line is smaller than that of heteroepilayer and it is
easy to imagine that the homoepilayer has no strain and few
dislocations. At high [Sel/[Zn], the broad Iy and I, lines are
observed with comparable intensities. The facts described above
suggest that the concentration of donor impurity, which is the
origin of not the I, line, but the Iy emission line, is reduced
at the Se-rich condition. Also it indicates that the crystalline
quality is degraded. Figure 2.2.26 (b) shows PL épectra at 4.2 K
of heteroepilayers, whicﬁ correspond to homoepilayers in Fig.
2.2.26 (a). The source gas mole ratio dependence of the homoepi-
layer is evidently different from that of the heteroepilayer.
This phenomenon probably indicates that since the crystalline

quality of the heteroepilayer is determined mainly by the lattice
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mismatching rather than by the growth conditions, the efficiency
of taking impurities into the heteroepilayer does not change much
at the growth condition, different from the case of the homoepi-
layer. It is suggested that the efficiency of taking residual
impurities into the heteroepilayer is related to the crystalline
quality of the epilayer. We assume that the crystalline quality
of the homoepilayer at high [Sel/[Zn] 1is not so good. It is
suggested that the degradation of crystalline quality of homoepi-
layer at high [Sel/[Zn] generates a high density of dislocations
or/and non-radiative centers. Thus the [Sel/[Zn] dependence of
the activation rate of donors rather than the efficiency of
taking the donors 1is related to the crystalline quality of the
homoepilayer. It is also suggested that the concentration of
donors possible to substitute Se atoms is limited by the Se-rich
condition in the homoepilayer.

Next, we discuss deep emissions around 560 nm. These appear
at the same wavelength in both homo- and hetero-epilayers (see
Fig. 2.2.27(a).). They are not emissions related to some impuri-
ties diffusing from the ZnSe substrate but emissions related to
the complex of Zn vacancies and impurities in the epilayer. The
impurities probably come from the source matérials. The deep
centers are assigned to be SA cehters. Figure 2.2.28 shows PL
spectra of heteroepilayers under various [Sel/[Zn] (measured at
77 K). The absolute SA-PL intensity in heteroepilayer is a mono-
tonically decreasing function of [Se]/[Zn] as'séén ih Fig.
2.2.25. Such a tendency is not seen in the case of the homoepi-

layer. In homoepilayers, the absolute SA-PL intensity is almost
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independent of [Sel/[Zn] (the BE-PL intensity decreases abruptly
at high [Sel/[Zn].). This indicates that the homoepilayers have a
density of SA centers higher than that in the heteroepilayers and
have a new mechanism of generating SA centers different from
heteroepilayers. It is shown that the SA-PL intensity is.closely
related to the stoichiometry of the epilayers independent of the
species of substrates. Since the homoepilayer grown at low
[Se]/[Zn] has almost the same SA-PL intensity as the homoepilayer
grown at high [Sel/[Zn], the dislocations or/and non-radiative
defects influence generation of SA centers very little.

For these results, the out-diffusion of Zn vacancies from
the ZnSe substrate seems to be very likely. The out-diffusion of
Zn vacancies has already been discussed from a different stand-
point (section 2-2-2 (A) and (B)). In all samples, the Ildeep
line due to the Zn vacancy 1itself is observed near 2.783 eV
([81,82]. It is not confirmed completely that Zn vacancieé can
diffuse in the homoepilayer even at 250 OC. The ZnSe substrates
contain only about 200 ppm»of iodine impurities and the iodine
impurities can combine with high concentration of Zn vacancies
{probably, it is of the order of 100 ppm.). We conclude that the
substrate contains a high concentration of Zn vacancies and the
out-diffusion of Zn vacancies from substrate iS so remarkable
that they easily make complexes with residual impurities.

In summary, the PL intensity of deep emissions of the homoep-
ilayer is several times stronger than that of the heteroepilayer.
Since the origin of the deep centers is considered to be due to

the complex of the Zn vacancy and residual impurity in the epi-
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layer, the deep centers are SA centers and it needs to be dis-
cussed on why, where and how SA centers are easily generated in
the homoepilayer. It shows that homoepilayers have little depend-
ence of [Sel/[Zn] on the concentration of SA centers and have
deep centers several times more than heteroepilayers. It is shown
that the generation rate of SA centers in the homoepilayer has
nothing to do with both the stoichiometry and the crystallograph-
ic property. As a new mechanism of génerating Zn vacancies, it
will be concluded that the out-diffusion of Zn Vaéancies is
marked in the homoepilayers. 1t shoﬁs that the control of the
density of Zn vacancies will be essential to grow the ZnSe
homoepilayers with device quality.

Thus the generation rate of SA centers in the ZnSe homoepi-
layers is not repressed only by controlling [Sel/{Zn] during the
epitaxial growth. The Zn vacancies diffuse into ZnSe homoepilay-
ers from the impure ZnSe substrates during the epitaxial growth.
Accordingly, the growth temperature is thought to be an important
parameter in controlling the concentration of SA centers and to
grow the homoepilayers with high crystalline quality. In what
follows, we will discuss the dependence of the growth temperature
on the crystalline quality of the homoepilayers and try to im-

prove the crystalline quality still more.
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(D) Dependence of growth temperature on érystalline quality

of ZnSe homoepilayer

In the section 2.2.2(B) and (C)., it is suggested that the
origin of SA centers consists of Zn vacancies diffusing from the
7ZnSe substrate and residual impurities in the ZnSe homoepilayer.
It is expected that the generation rate of Zn vacancies in the
ZnSe homoepilayer can be reduced by lowering the growth tempera-
ture, so that the concentration of the SA centers will also be
controlled at the same time in the ZnSe homoepilayer. The overall
crystalline quality of the epilayers will be improfed.

In this section, we report the characteristics of homoepilay-
ers grown at low temperatures below 250 Oc. Also we will make a
comparison with the crystalline quality of heteroepilayers from
the mechanism of epitaxial growth in detail.

The growth conditions are listed in Table 2.2.4. The growth
conditions other than the growth temperature were kept as fol-
lows. The reactor pressure was atmospheric, the total flow rate
was 3.3 1/min., the flow rate of DMZ was 11.5x1078 mol/min.; and
the growth peribds was one hour. And the [Sel/[{Zn] was 10, which
was the optimum for ZnSe homoépilayers with the best crystalline
quality as reported in previous papers [46,86]. Thé growth tem-
perature was changed between 190 and 250 °C. In the case of
heteroepitaxy, the substrates were (100) HB-GaAs with the etch
pit density of about 104 cm™2. The ratio [Se]l]/[Zn] was changed

from 20 to 40, which was the suitable condition for the heteroe-

pitaxy [54]. The other growth conditions were all the same as
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homoepitaxy.

Under the growth conditions listed in Table 2.2.4., all the
epilayer thicknesses are about 4, ym and the surface morphologies
are mirror-like. Figure 2.2.29 shows a typical surface morpholo-
gy of the homoepilayer grown at 210 Oc. Figure 2.2.30 shows the
PL spectra (measured at 300 K) of the homoepilayers grown at
various growth temperatures. No emissions are observed other
than the BE emission which corresponds to the emission inherent
to ZnSe with high crystalline quality. This apparently shows that
the homoepilayers have little density of SA centers. The total
PL intensity is very weak, since the concentration of : residual
impurities is very low (less than 101°cm™3 from the Hall measure-
ment) in the homoepilayers.

Figure 2.2.31 also shows the PL spectra (measured at 77 K) of
the homoepilayefs grown at various growth temperatures. Both BE
and SA emissions are observed though SA emissions are not detect-
ed at 300 K as shown in Fig. 2.2.31. It indicates that the proba-
bility of occupation of trapped electrons in SA centers in-
creases by lowering the measuremeht temperatureé. It is necessary
to measure the SA-PL intensity at suitably low temperatures in
order to estimate the true concentration of SA centers 1in the
epilayers. Figure 2.2.32 shows the dependence of the growth
temperature on the PL ratio and on the absolute PL intensities of
both BE and SA emissions. Iniorder to compare them with the PL
properties of the heteroepilayers grown at the same growth tem-
perature, the PL ratios of the heteroepilayers are also plotted

in Fig. 2.2.32. The PL ratio decreases above 250 ©°C, and also
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below 200 ©C abruptly. The growth temperature dependence shows
that the generation mechanism of SA centers in the ZnSe homoepi-
layers is probably different from that in the region of the high
growth temperature. A new generation mechanism of SA centers has
been proposed in former sections 2-2-2(B) and (C). The genera-
tion mechanism requires that SA centers in the homoepilayers are
generated by the out-diffusion of Zn vacancies from the highly
iodine-doped ZnSe substrates during the growth. We assume that
the out-diffusion of Zn vacancies is so heavy above 250 ©C that
SA emissions become very intense. Below 200 ©°C, on the other
hand, the absolute PL intensity of the band-edge emission is
abruptly decreasing, so that the PL ratio appears to be low. The
reason 1is thought either the crystallographic quality of the
ZnSe homoepilayers would become worse or the homoepilayer would
be highly purified by growing at very low temperature. Let us
discuss the reason. Though the small FWHM of ZnSe(400) diffrac-
tion pattern by the double crystal x-ray spectrometer seemingly
shows that the crystallographic‘quality is most excellent of all
the homoepilayers (the FWHM is 14 arc sec (see Fig.2.2.33.),
which is comparable to the crystallographic property of the ZnSe
[66] or GaAs substrates.), it is suggested from the observation
of the hazy surfaée morphology that the homoepilayersgrown at 190
Oc is the layer with poly-crystalline quality. Because 190 ©C is
not a temperature high enough to form a complete ZnSe lattice.
This inconsistency is analogous to the discussion on the degrada-
tion of crystalline quality of the homoepilayer grown at high

[Sel/[Zn]l. It is doubtful if the true crystallographic property
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of the ZnSe homoepilayer is examined by the double crystal x-ray
spectrometer. The crystallographic property cannot always deter-
mine the degree of purification in the epilayers, because, for
example, the ZnSe substrates have such a small FWHM (about 10
arc sec), independent of the iodine-incorporation of about 200
ppm in the substrates. Figure 2.2.34 shows the dependence of the
growth temperature on the crystallographic property of the ho-
moepilayers examined by the double crystal x-ray spectrometer.
The crystalline quality of the homoepilayer is independent of the
growth temperature except for onebgrown at 190 ©°C. We thus con-
‘clude that the degradation of the crystalline quality of the ZnSe
homoepilayer starts to occur at 190 °C. Also, it is very impor-
tant to measure PL near the band-edge region at 4.2 K. One has to
be aware to what degree the impurities are taken into the epilay-
ers. Figure 2.2.35 shows the PL spectra (measured at 4.2 K) near
the band-edge region of the homoepilayers grown at various growth
temperatures. The total PL intensity of a homoepilayer grown at
190 ©C is weaker than that of the homoepilayers grown at other
temperatures. A broad donor bound exciton line appears at 2.7999
eV, which is probably assigned as I, usually observed at 2.7974
eV in the heteroepilayers. The energy position of each 1line
observed in homoepilayers shifts upwards. This line is a little
broad and the EX appears as a shoulder on the Iy line. It is
obvious from this fact that all the homoepilayers have less
strain compared with heteroepilayers. It is supported from the
broadness of I, that the crystalline quality of the homoepilayer

grown at 190 ©C is inferior to that of the homoepilayers grown
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above 200 ©C. The FWHM of the PL emission line becomes smaller
with increasing growth temperature. It indicates that the crys-
tallographic quality is reasonably improved by the raise of the
growth temperature. The result is inconsistent with the result
of the FWHM of ZnSe(400) diffraction pattern measured by the
double crystal x-ray spectrometer in the homoepilayer at 190 Oc.
We have already reported a similar phenomenon [87] that the ho-
moepilayers grown at 250 Oc (and at high [Sel/[Zn]) seemingly
have the high'crystailographic property in spite of showing low
PL ratios and having broad excitonic emission lines. The surface
morphologies of the homoepilayers are also very hazy. Therefore,
it is concluded that the true crystalline quality is not so good.
It is suggested that the excellent crystallographic property of
the ZnSe substrate, not the homoepilayer, is simply measured by
the double crystal x-ray spectrometer as described before.

Let us now compare the crystalline quality of the ZnSe ho-
moepilayers with that of the ZnSe heteroepilayers from the view-
point of the crystal growth condition, particularly on the growth
temperature dependence. Figure 2.2.36 shows the PL spectra
(measured at 77 K) of the ZnSe heteroepilayersvgrown at various
.growth temperatures. Between‘210 and 250 °cC, the PL spectra show
that the heteroepilayers have strong BE and Vefy weak SA emis-
sions. Below 210 ©°C, an abrupt change of the crystalline quality
occurs in the heteroepilayers (see Fig. 2.2.32.). The BE-PL
intensity'of a heteroepilayer grown at 205 OC becomes by an order
of magnitude less than that from a heteroepilayer grown at 190

Oc and by two orders of magnitude less than that of the heteroepi-
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layer grown at 210 °C , so that the PL ratio becomes very small
(the PL emissions are not seen at 300 K.). This indicates that
the crystallographic property of the heteroepilayer starts to
degrade from the critical point'(210 OC). The fact is also con-
firmed by the double crystal x-ray spectrometer (ZnSe(400) dif-
fraction pattern 1s not observed at all.). Figure 2.2.37 shows
the surface morphologies of the ZnSe heteroepilayers grown at 205
and 210 ©C. It also shows that 210 OC becomes the critical tem-
perature on the heteroepitaxial growth of ZnSe and the heteroepi-~
taxial growth mechanism changes drastically at this tempefature.
This phenomenon is quite different from>the case of the homoepi-
taxial growth as described before. in the homoepitaxy, the crys-
talline quality is not degraded even at 200 ©C. The difference of
the growth temperature dependence is telling that Zn and Se atoms
can move around on the ZnSe substrates easier than on the GaAs
substrates, so that fhe ZnSe homoepilayers can maintain the high
crystalline quality even below 200 ©cC. We will discuss the
behavior of Zn and Se atoms during the growth particularly at
low temperatures. We further observe that if the high [Sel/[Zn]
(>40) is chosen as the growth condition, the surface morphologies
of the heteroepilayers grown at 210 ©C become as hazy as that of
the heteroepilayers grown at 205 °C (Fig. 2.2.37.) and the abso-
lute PL intensity starts to decrease abruptly (Fig. 2.2.38.).
This indicates that the high concentration of Se atoms on the
GaAs substrate degrade the crystalline quality of the heteroepi-
layers during the growth. Moreover, we have reported in a previ-

ous paper [87] that even the homoepilayefs grown at 250 ©°C have
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very hazy morphologies similar to the one stated above if they
were grown at a high [Sel/[Zn] (>30). Since it 1is generally
accepted that the diffusion rate of Se atom on the substrate is
lower than that of the Zn atom, the existence of immobile Se
atoms on the GaAs substrates would obstruct the movement of the
mobile Zﬁ atoms especially at low grbwth temperatures or at high'
[Sel/[Zn]. Recently, a similar phenomenon is reported on the
migration enhanced epitaxy of GaAs grown at the low growth tem-

perature near 300 Oc [88]. In that case, the migration of Ga
atoms is enhanced by reducing the concentration of As atoms

existing on the GaAs substrates at low temperatures. Probably,

" ZnSe is also grown according to a similar growth mechanism and,

at the same time, Zn or Se atoms on the ZnSe substrates would be

possible to move more easily than that on the GaAs substrates.

In summary, the homoepilayers with high crystalline quality
were grown on the (100) oriented ZnSe substrates between 200 and
250 °C by the atmospheric pressure MOVPE. The SA-PL intensity of
the homoepilayers is much rélated to the growth temperature.
Above 24OV°C, the SA-PL intensity increases gradually with in-
creasing growth temperature. The reason is supposed that the Zn
vacancies would diffuse from the highly iodine-doped ZnSe sub-
strates into the homoepilayers above 240 OC to form SA centers.
Below 240 ©C, the SA-PL intensity of the homoepilayér becomes
so weak that the PL ratio assumes a large value which is compara-
ble to that of the best ZnSe heteroepilayer (particularly at 210
Oc, the crystalline quality of the homoepilayer 1is superior to

that of the heteroepilayer.). Below 200 ©C, however, the PL
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ratio appears to be reduced drastically because the BE-PL inten-
sity is decreasing by two orders of magnitude. From the results
of PL properties, we have obtained the ZnSe homoepilayers with
very low concentration of SA centers. The growth temperature has
been between 210 and 230 ©C in both hetero and homoepilayers.
The dependenpe of growth temperature . on crystalline quality of
homoepilayer is quite different from that of the heteroepilayer.
In the heteroepitaxial growth, the crystalline quality starts to
degrade below 210 ©°C (the critical temperature). The reason is
perhaps that too many immobile Se atoms existing on the GaAs
substrates would obstruct the movement of Zn atoms more than
those on the ZnSe substrates, particularly at‘low temperatures.
Thus, as expected in sections 2-2-2 (A), (B) and (C), the
concentration of SA centers in the ZnSe homoepilayers is dfasti—
cally decreased by lowering the growth temperature. The crystal-
line quality is also improved then. Nevertheless, the crystalline
qualitybof the ZnSe homoepilayers grown at the optimum conditions
is still competing with that of the ZnSe heteroepilayers grown at
the optimum conditions. It therefore indicates that the effect of
lattice matching is. not so clarified even by the homoepitaxial
growth at present. It is not evident yet whether the ZnSe epi-
layer with higher crystalline quality are required, or the ZnSe
epilayers with device quality are already grown independently of
homo- and/or hetero-epilayers. We will further discuss Whethef
the ZnSe epilayers are grown with the overall crystalline quality
enough to try p-type doping in them and to develop the B-LED at

the present stage.
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Table 2.1.1. Electrical properties of MOVPE-grown ZnSe

heteroepilayers.

Sample Thickness 1300k nyK P30k BI7K Np Na Np/Np?®
No. (pm) (x10%em™%) (Xx10%cm™?) (cm?/V:s) (em¥/V-s) (X107cm™?) (%107 em™3)
SeB79 1.0 0.84 ©0.22 160 260 14 13 0.93
SeA64 3.0 9.0 2.3 310 540 1.8 0.9 0.50
SeB77 8.0 6.0 1.7 240 800 11 0.5 0.45

. SeB93  14.0 12 0.35 300 2000 0.3 0.14 0.47

) These values were calculated using the Brooks—Herring formula and assuming n3p0x = Np — Na.
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Table 2.1.2. List of electrical properties of epilayers grown at

varlous growth temperatures and reactor pressures.

Tg (°C) P g (Torr) n (x10%%cen™3) g ulen?/V - s)
300K TTK 300K TTK

250 0.1 85 38 ' 83 182
250 6.8 39 —_— 305 —_—
300 0.1 9.0 2.3 310 540
300 7.4 4.6 1.4 266 803
350 0.1 1.0 0.4 52 362
350 6.2 1.2 0. 36 354 3004
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Table 2.1.3. Growth conditions of ZnSe heteroepilayers by MOVPE.

Flow rate Flow velocity ]
Sample No. Teerralure (zmol/min.) Mole ratio (cm/s.) Flow velocity ratio Growth rate  Total flow velocity
p ( T 1u((Se)/(@Zn) - e 1 (Vaul Vse) (um/h.) (em/s )
(Zn) (Se) Vzn Vse .
#17 46.5 3 0.9 09 1 3.9 . 2.8
#73 300 15.5 46.5 3 125 0.7 180 i0.0 0.7
#3s5 465 30 125 0.7 180 8.2 0.7
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Table 2.2.1. Heat treatment conditions.

Sample No. Atmosphere Temperature { ° C) Pressure (Torr) Total flow rate (1/min, ) Period (min, )
149 _ 2 ) .- a) _ 2 _ )

111 . H, 300 760 4.0 30

112 H, 400 760 4.0 30

131 H, +H,Se 600 : 760 2.0(H,)+0.1(H,Se) 20

133 H, 600 760 4.0 20

135 H,+DMZ 600 760 2.0 (H,)+DMZ (65cm’, —20°C) 20

139 H, 650 760 4.0 20

2 No heat treatment.
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Table 2.2.2. Growth conditions.

Flow rate (zzmol/min, )

Sample No. Temperature Mole ratio Total flow rate Growth rate Layer thickness
§S) (Zn) (Se) My (¢/min. ) (um/h) (pem)
HOMO-1 250 15.5 310 20 33 6.6 6.6
HOMO-2 250 15.5 43.4 2.8 33 5.5 5.5
HOMO-3 250 15.5 434 2.8 33 6.0 1.0
HOMO-4 250 46.5 46.5 1 33 31.6 15.8
HOMO-5 250 15.5 930 60 33 8.2 8.2
HETERO-1 250 15.5 310 20 33 6.4 6.4
HETERO-2 250 12 34 2.8 33 34 34
HETERO-3 250 12 720 60 33 ’ 35 3.5
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Table 2.2.3. Growth conditions.

Sample Substrate Tfmpcrature Flow rate (pmol/min. ) Mole ratio, Total flow rate Layer thickness
No. °C) Zn Se [sel/[zn]  (I/min.) (pm)

1 (100) ZnSe 250 15.5 930 60 33 6.6

2 (100) ZnSe 250 15.5 186 12 3.3 5.3

3 (100) ZnSe 250 15.5 93 6 33 6'6

4 (100) ZnSe 250 15.5 434 2.8 3.3 5.5

5 (100) ZnSe 250 155 15.5 1 33 5.1

6 (100) GaAs 250 15.5 465 30 33 6'6

7 (100) GaAs 250 15.5 186 12 33 4.3

8 (100) GaAs 250 15.5 15.5 1 33 5-1
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Table 2.2.4. Growth conditions.

Flow rate '

(zmol/min. ) Total
Sample Temperature Mole flow rate
No. °C) (Zn) (Se) ratio (&/min,)
Homo-1 190 115 115 10 33
‘Homo-2 200 11.5 115 10 3.3
Homo-3 205 11.5 115 10 3.3
Homo-4 210 “11.5 115 10 33
Homo-5 220 115 115 10 3.3
Homo-6 230 11.5 115 10 3.3
Homo-7 240 1.5 115 10 3.3
Homo-8 250 , 11.5 115 10 3.3
Hetero-1 190 11.5 230 20 33
Hetero-2 205 11.5 1230 20 33
Hetero-3 210 11.5 230 20 33
Hetero-4 , 210 11.5 460 40 3.3

Hetero-5 250 115 230 20 3.3
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Fig.2.1.7. Surface morphologies of the ZnSe heteroepilayers grown
at 350 °C and different reactor pressures (0.1 and 6.2

Torr) .
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Fig. 2.1.12. Surface morphologies and cross sections of grown
ZnSe heteroepilayers in relation to the [Sel/[Zn]
and VZn/Se' as measured by a Nomarski phase
interference microscope:

(a) [Sel/[Zn]=3 and VZn/Sezl; epilayer thickness (tg)
is 3.9 um.
(b) [Sel/[Zn]=3 and VZn/Se=180; tg=10 L M.

(c) [Sel/[Zn]1=30 and VZn/Se=180; t,.=8.2 um.

g
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Fig.2.1.15. Dependence of growth temperature on the growth rate
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Fig.2.1.16. Surface morphologies of the epllayers grown at

different temperatures.
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Fig.2.2.1. Photographs of typical ZnSe substrates.
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Fig.2.2.2. A typical ZnSe(400) x-ray diffraction spectrum of
the ZnSe substrate measured by the double crystal

x-ray diffraction spectrometer.
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Fig.2.2.4. Surface morphologies of ZnSe epllayers grown on the

ZnSe substrates pretreated at various temperatures

and perlods (the flow rate of Hj is kept 4 1/min.).

(a) No heat treatment;#149.

(b)
(c)
(d)
(e)

400 ©¢
600 °C
650 °C

650 °C

and 30 min. ;
and 20 min.;
and 10 min.;

and 20 min. ;

113
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# 147.
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Fig.2.2.5. Surface morphologies of ZnSe epilayers grown on the

ZnSe substrates preheated under various atmospheres

at 600 ©C for 20 min.
(a) Hy: 4 1/min.; # 133.
(b) Hy: 2 1/min. and HySe: 4.6x107% mol/min.; #131.

(c) Hyg: 2 1/min. and DMZ: 3.2x10°° mol/min.; #135.
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Fig.2.2.6. PL spectra of ZnSe homoepilayers measured at 77 K as a
function of temperature of treatment and of the
typical ZnSe substrate (the flow rate of Hz is kept

4 l/min.).
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Fig.2.2.7. PL spectra (at 77 K) of ZnSe homoepilayers grown at

various [Se}l/[Zn] between 1 and 60.
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Fig.2.2.10. Double x-ray diffraction patterns of ZnSe (400), (a)
a homoepilayer (IIOMO-1) and (b) a heteroepilayer

(HETERO-1) grown under the same conditions.
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Fig.2.2.11. PL spectra of ZnSe homoepilayers measured at 77 K.
(a) [Sel/[Zn]=2.8; IIOMO-2.

(b) [Sel/[Zn]=60 ; IIOMO-5.
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Fig.2.2.12. PL spectra of ZnSe heteroepilayers (HETERO—Z and-3)

measured at 77 K.
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Fig.2.2.13. PL spectra of both homo (HOMO-2) and hetero
(HETERO-3) epilayers measured at T7K.
Deep emissions of the heteroepilayer are magnified

by twenty times.
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Fig.2.2.14. PL spectra of ZnSe homoepilayers (HOMO-1 and -2)

near the band-edge region measured at 4.2 K.
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Fig.2.2.15. PL spectrum of a ZnSe heteroepilayer (HETERO-1)

near the band-edge region measured at 4.2 K.
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Fig.2.2.16. PL spectra of the homoepilayer (IIOMO-3) and the

ZnSe substrate measured at 77 K.
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Fig.2.2.17. PL spectra Qf ZnSe homoepilayers (HOMO—3 and -4)

with different thicknesses measured at 77 K.
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Fig.2.2.18. Surface morphologies of ZnSe homoepilayers at
various source mole ratios ([Sel/[Zn]) observed by

a Nomarski phase interference microscope.
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Fig.2.2.19. Surface morphologies of ZnSe heteroepilayers at
various [Sel/[Zn] observed by a Nomarski phase
interference microscope.

(a) [Sel/[Zn]=30, epilayer thickness(tg) is 6.6 zm ;
# 6.
(b) [Sel/[Zn]=12, tg=4.3 £ m; # 7.

(e¢) [Sel/[Zn]=1, tg=5.1 Lm; # 8.
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Fig.2.2.20. The ZnSe(400) diffraction spectra of ZnSe
homoepilayers at various [Sel/[Zn] measured by double

crystal x-ray diffraction spectrometer.
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Fig.2.2.22. The dependence of temperatures of the heat treatment
before the growth on thé crystalline quality of

homoepilayers at low [Sel/[Zn] (=2.8).
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Fig.2.2.24. The typical PL spectra of homoepilayers under

various [Sel/[Zn] measured at 77 K.
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Fig.2.2.29. Typical surface morphology of a homoepilayer grown

at 210 °cC.
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147



3. Thermal stability of epilayer

Epitaxial growth techniques like MBE, MOVPE etc. can produce
ZnSe epilayers with high crystalline quality at low growth
temperatures. However, there exists a serious problem inherent
to II-VI compounds, since Zn and Se atoms in ZnSé have vapor
pressure higher than As atom in GaAs. Also ZnSe itself has a high
vapor pressure of abQut 10'5 Torr at 600 ©C. If not only the
epitaxial growfh, but also thermal processes after the grbwth
(for example, .the post-annealing after ion implantation etc.)
were done at high temperatures, it would be feared that the
crystalline quality of epilayers were degraded due probably to
the generation of many deep centers 1ike SA centers or native de-
fects. If the annealing at relatively low temperatures (about
200 ©°C) degrades the crystalline quality of the ZnSe epilayers,
the thermal process itself would be fatal in the fabrication
process of the B-LED. Details l1little have been reported on the
~thermal stability of ZnSe epilayers, however. Very recently, Ohmi
et. al. [89] reported the effect of lattice mismatching on the
out-diffusion of impurities. They investigated thermal stability
of ZnSe and ZnS,Seqy_, grown at 450 OC by MOVPE and emphasized
that lattice matching is important for suppressing out-diffusion
of impurities from the substrates. Yet nobody has ever reported
on the thermal stability of ZnSe epilayers itself grown at low
temperature (less than 300 ©C). In section 3-1, we will discuss
the thermal stability of the ZnSe heteroepilayers.«Moreover, we

will apply it to the post-annealing after ion implantation for
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realizing the p-type conversion of ZnSe in chapter 4. Therefore,
the optimum annealing conditions should be found so as not to
degrade the crystalline quality even by annealing at temperature
.as high as possible, for example by controlling the annealing
atmosphere. Furthermore, we discuss the thermal stability of the
ZnSe homoepilayers with high crystalline quality, clarify‘ the
merits in section 3-2 and will dope p-type impurities into the

homoepilayers by ion implantation in the next chapter.

3-1. Heteroepilayer

The purpose of the present section is twofold. Firstly, we
discuss thermal instability in crystalline quality of epilayers
grown at low temperatures (250-300 OCc) by MOVPE and the relation
between the thermal stability and growth conditions. Secondly,
we investigate how the crystalline quality is changed by'condi—
tions of the heat treatments.

The MOVPE system and procedures employed here were given in
section 2.1.4. ZnSe heteroepilayers were grown on GaAs sub-
strates, using DMZ and HZSe as source gases in two different
growth conditions. The first growth conditions Wefe that growth
temperature (Tgl) was 300 ©C, flow rate of DMZ was 3.1x10°°
mol/min., [Sel/[Zn] was 3, Pg was 0.1 Torr and growth period was
1 hour. The tg was 3 um under the above conditions. The second
growth conditions were that Tgo was 250 Oc, [DMZ] was 1.15x10°°

mol/min., [Sel/[Zn] was 20, Pg was an atmospheric pressure and
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the growth period was 1 hour. Under the growth conditions, tg
was 4 um. »
After the growth, each epilayer was treated thefmally at
various temperatures Ty (200-800 ©C), for various periods t (1
and 5 minutes) and in wvarious ambiences (Hz; DMZ, nitrogen (Ng)
and HySe). The conditions of heat treatments are listed. in Table

3.1.1.

3-1-1. Effect of growth conditions on thermal stability of

ZnSe epilayer

Figure 3.1.1 shows PL spectra (measured at 300 K) of the
first group of epilayers treated thermally under Hz atmosphere
for 1 minute after growth. As Tt is elevated, the PL intensity of
SA emissions which appear at about 590 nm increases drastically.
These SA centers are considered to be due to complexes between Zn
vacancies and some impurities from source gases [83]. It clearly
shows that SA centers are easily generated by heat treatments at
temperatures higher than the growth tempereture (Tgl=300 oC).
Even the treatment at such a low Tt as Tgl results in generating
a low concentration of SA centers.

As described previously [49], the surface morphologies of
ZnSe epilayers grown under the reduced pressure are hazy.and
uncountable hillocks are observed along the <011> direction. The
appearance of the directional hillocks is due to deviation from

stoichiometry, particularly lack of Se atoms [83].'It is strongly
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suggested that the thermal stability of ZnSe epilayers grown at
a low growth temperature greatly influences the stoichiometry in
the epilayers.

Figure 3.1.2 shows PL spectra (measﬁred at 300 K) of the
second group of samples treated at various Tt (no treatment,
T=550 and 700 ©C) under Ho atmosphere for 5 minutes. Differing
from the case of heat treatment of the first group, even the
treatment at 550 ©C (the high temperature treatment; T{>500 °C)
does not generate SA centers in spite of ng lower than Tgl.
Sinée the surface morphologies of the second group of epilayers'
are mirror-like and it obviously shows that the stoichiometry in
the epilayers 1is kept very well [49], One cannot but conclude
that even epilayers grown at a low growth temperature can have
high thermal stability by precisely controlling the stoichiome-

try.

3-1-2. Effect of annealing conditions on thermal stability of

ZnSe epilayer

Figure 3.1.2 shows that treatments at temperatures higher
than 600 °C degrade the crystalline quality abruptiy. The inten-
sity of BE emission, which appears at 461 nm, however, increases
remarkably. Figure 3.1.3 (a) shows the PL spectrum measured at
77 K. The donor-acceptor (DA) pair emission is observed at 460.4
nm, which is generated by the high temperature treatment. Namely,

the high temperature treatments easily increase both SA centers
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and impurities (donors and acceptors) in the epilayers even if
the stoichiometry of ZnSe epilayers is kept well before the
treatments.

It is necessary to investigate where, how and when SA centers
are generated from. It should be clarified by the step etching of
the degraded epilayers. Figures 3.1.3 (c) and (d) show the PL
spectra (measured at 300 K) of fhe epilayer beforé ahd after the
etching by a bqiled solution of NaOH, respectively. It is obvi-
ously shown that SA centers are genefated from the surface, not
from the interface. Also Figs. 3.1.3 (a) and (b) show the PL
spectra at 77 K of the epilayers before and after the etching,
respectively. It is shown that the intensities of BE and DA pair
. emissions after the etching are weaker than those before. Partic-
~ularly, the BE-PL intensity (the origin is thought to be a
donor.) in the region near the interface decreases to that of an
as-grown one. The density of impurities is obviously decreasing
near the interface rather than at the surface. Figures 3.1.4 (a)
and (b) show the PL spectra of epilayers (treated thermally under
H2 atmosphere) before etching measured at 4.2 K. The strong EX,
1o, and IX are observed at 2.8025, 2.7998 and 2.7981 eV, respec-
tively in an as-grown sample. Also, in the epilayer treated at
550 ©C, the EX, Iz and IX are observed to shift downward by the
same amount of energy (about 1 meV) due to the yleld of strain by
the difference in thermal expansion befween ZnSe and GaAs. This
is consistent with the fact that the peak energy of the excitonic
emission line was shifted downward with the inérease of the

growth temperature as reported in the MBE growth of ZnSe [39].

152



The heat treatment at 600 ©C additionally generates a strong
bound exciton emission line at 2.7919 eV (labeled I (As)). This
is thought to be the bound exciton emission line (see Fig.3.1.4
(c).) due tb As acceptor. It clearly indicates the out-diffusion
of As impurities from the GaAs substrate. The Il(As) emission
line shows up at 550 Oc. It means that the out-diffusion of As
impurities becomes serious at the annealing temperature above 550
Oc and it ié also assumed to deg.rade the crystalline quality.
Moreover, we will see the role of impurities diffused into the
epilayers from the substrates or from the ambience during the
treatment. Figure 3.1.4 (d) shows the PL spectra measured at 4.2
K of the epilayers after the etching. They show that the species
and existence of impurities near the 1interface are almost un-
changéd with that near the surface except for the broadening of
FWHM of bound exciton emission lines due to the degradation of
the crystalline quality near the interface. It is not clear which
line is the origin of the BE emission enhanced from the surface
by the high temperature treatment among some bound exciton emis-
sion lines, though the tdtal concentration of donors and accep-
tors is lower near the interface as determined by the PL measure-
ments at 77 K. The bound exciton emission line (af 2.7813 eV) due
to Zn vacancy itself [81] appears in the region near the inter-
face. The Zn vacancies increased by the high temperature treat-
ment would generate the high concentration of SA centers at the
surface and the isolated Zn vacancies would simultaneously dif-

fuse into the epilayer.
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3-1-3. Effect of ambient gases on thermal stability

In ordervto see whether SA centers are increased prominently
by some chemical reaction between H, and ZnSe, we will examine
the effects of other ambient gases in the second group of epilay-
ers on the'crystalline quality. Figure 3.1.5 shows the PL spectra
of the epiiayers treated under No atmosphere at various T¢. Even
at Tt=657.°C, SA centers are not.generated in the eplilayers.
Figure.3.1.6 shows the surface morphologies of epilayers treated
under Hoy or/Nz atmosphere at high temperatures (700 and 757 ©C).
In_the case of Hy, the surface of epilayer becomes hazy to the
eye and a high concentration of hillocks along <01i> direction
are formed on the surface morphology by the treatment. These two
phenomena strongly suggest that some chemical reaction between
ZnSe and active Hz'molecule generates high concentfafion of SA .
centers even at 606 OC. Only the thermal energy, which corre-
sponds to 600 °C without any chemical reaction, does not generate
SA centers (i. e., does not cause a thermal instability.). Since -
we observe a drastic increase of both SA and BE emissions by the
treatment at 757 °C under Ny atmosphere, fhe thermal instability
ih ZnSe probably starts at about 700 °C. The crystalline quality
of the ZnSe heteroepilayers is degraded under Hoy atmosphere
more heavily than under Nz atmosphere in the heat treatment at
700 ©C. It indicates that the heavy out-diffusion of constituting -
atoms through the vapor phase from the GaAs substrate is more
repressed in the N, atmosphere because of high viscosity.

The origin of SA centers is now discussed. Figures 3.1.7 (a),
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(b) and (c) show the PL spectra of epilayers (measured at 300 K)
treated at 700 °C under only Hz atmosphere, under H2 atmosphere
including Zn vapor (the Zn source is supplied by DMZ, and the
flow rate is same as that during the growth (-1.15x10'5
mol/min.).) and under H, atmosphere including Se vapor (the Se
source is HySe and the flow rate 1is 2.3x10°4 mol/min.), respec-
tively. It is clearly shown that the generation rate of SA cen-
ters is prevented by the introduction of the Zn vapor, but it is
enhanced in the ambient containing Se vapor. One of the origin of
SA centers is accordingly thought to be Zn vacancy as described
previously [83]. It is essential to suppress Zn vacancies gener-
ated at high temperature treatment. to keep the crystalline quali-
ty high.

Thermal stability of ZnSe heteroepilayers grown at 250 °C by
atmospheric pressure MOVPE is much better than that of ZnSe
epilayers grown at 300 Oc by the conventional reduced pressure
(at 0.1 Torr) MOVPE. It shows that the thermal stability is
related to the degree of stoichiometry in epilay'ers,v which is
controlled by the growth conditions. Heat treatmeﬁt at tempera-
tures higher than 600 °cC, hewever. generates a high density of SA
centers and takes impurities in the epilayer from the sufface by
some chemical reaction with-Hz, 1rrespective1y of the degree of
the stoichiometry in the as-grown epilayer. It is because some
reection of H, molecule with ZnSe accelerates the degradation of
the crystalline quality at 600 °C.>Heat treatment in N, atmos-
phere does not generate SA centersvénd impurities even at 657 °C.

At 757 ©C, however, they are generated. It is consequently found
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that ZnSe epilayers grown at 250 °C by the atmospheric pressure
MOVPE are thermally stable at least up to about 700 OCc. Also the
introduction of Zn vapor into Ho atmosphere has an effect of
suppressing the multiplication of SA centers and of preventing
impurities from flowing in the epilayers even at 700 ©C. It is
thus strongly suggested that one of the origin of SA centers is
Zn vacancy. Controlling the concentrafion of Zn vacancy, accord-
ingly, is a key factor in the high temperature treatment.

The crystalline quality of the ZnSe heteroepilayers is relat-
ed to not only the presence of Zn vacancies but also the-heavy
out-diffusion of the constituting atoms from the GaAs substrates.
Particularly, the ZnSe heteroepilayers are doped highly by heavy
out-diffusion of As atoms with high wvapor préssure. The crystal-
line quality is easilj degraded and the high density of SA cen-
ters are generated in the ZnSe heteroepilayers. The out-diffusion
causes an increase of residual impurities in the epilayers. It is
expected that homoepilayers have thermal stability higher than
the heteroepilayers. The idea is applied to post-annealing after
the ion implantation for increasing the activation rate of accep-
tofs. The thermal stability of the ZnSe homoepilayers now remains

to be discussed.

3-2. Homoepilayer

ZnSe with low resistivity of p-type conduction is not ob-

tained yet. One reason is thought to be the deterioration of
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crystalline quality due to lattice mismatching between ZnSe and
GaAs. So we have made the ZnSe homoepitaxial growth using (100)-
oriented ZnSe substrate and investigated the effects of the
growth conditions on the crystalline quality as seen in section
2-2. And as one of the p-type doping-techniques, possibility of
the ion implantation in chapter 4 has been studied. The ion
implantation needs a post-annealing. However, the thermal treat-
ment itself would degrade the crystalline quality of the homoepi-
1ayers because of the very low growth temperature. As stated in
section 3-1 [90,91], the crystalline quality of the heteroepilay-
ers is not degraded by the thermal treatment at temperatures less
than 600 ©C. Above 600 ©C, degradation of the crystalline quality
starts to be observed from the edge of the sample by the heavy
out—diffusion of the constituents of the GaAs substrate through
the vapor phase during the heat treatment. Thus, though it is
expected that the thermal stability of homoepilayers 1is higher
than that of heteroepilayers, the thermal stability itself of
homoepilayers grown at Very 1ow temperature (220 OC) has not been
investigated yet.

The objective of this section is to report -the thefmal
stability of the homoepiiayers grown at 220 ©C, which is 1lower
than the growth temperature of the heteroepilayers [90-92] (250-
300 ©C), by atmospheric pressure MOVPE using DMZ and HoSe as
source gases and to investigate the effects of the atmospheres on
the crystalline quality as the first stage before proceeding to
the ion implantation.

The pretreatment of ZnSe substrates before growth has been
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described in section 2-1 [69]. The ZnSe homoepilayers were grown
at the following conditions. The growth temperature was 220 Oc,
the reactor pressure was an atmospheric pressure, the flow rate
of DMZ was 11.5x107° mol/min., the [Sel/[Zn] was 10 and the
growth period was one hour. Under the above growth conditions,
the epilayer thickness was about 4 ygm. After the growth, homoep-
ilayers were treated under various T¢ (600-757 °C) and atmos-
phefes (Hz, No and Hy including DMZ) for 5 minutes. Also the
homoepilayer was etched by 1% Brz—CH3OH solution in sequence to
get tﬁe information on PL at 77 and 4.2 K of the inter-epilayer.
Also for comparison, the heteroepilayers were grown at 250 ©cC.
The thickness of the heteroepilayers was about 4 um; After
growth, both epilayers were left in the air for several days and
were thermally treated under various conditions listed in Table
3.2.1.

Figure 3.2.1 shows the PL at 300 K of a homoepilayer treated
at 700 °C for 5 min in H2 atmosphere, compared with the PL of an
as-grown homoepilayer. The homoepilayer with heat treatment has
almost the same PL spectrum as the as-grown homoepilayer. That is
to say, the SA centers, whose beak emission appears at about 600
nm, are not generated in homoepilayers, and the BE-PL intensity
at 460 nm is unchanged even after the heat treatment. The surface
morphologies do not change and remain mirror-like after that.
These phenomena are very different from the situation in the
heteroepitaxial growth [91]. Figure 3.2.2 shows the dependence of
the absolute PL intensities of the BE and SA emissions in the

epilayers on Tt' The PL intensities of both the BE and SA emis-
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sions increase rapidly from the region near the edge of the
sample in the heteroepilayers as Tt increases. On the other hand,
the phenomenon is not observed in the homoepilayers and the PL
spectra are uniform over the whole area. It indicates that the
main mechanism of degrading the crystalline quality is related to
GaAs substrates used in the heteroepitaxial growth. We have
already assumed that the degradation is due to the heavy out-
diffusion of As atoms in GaAs from PL at 4.2 K. It is expected
that the homoepilayers have a thermal stability which is higher
than that of the heteroepilayeré. We will examine the PL proper-
ties at 77 and 4.2 K to see if the crystalline quality of the
homoepilayers is well maintained even after thermal treatment.
Figure 3.2.3 shows the PL spectra at 77 K of homoepilayers

treated at various Ty and in different atmospheres. In contrast
with the result in Fig. 3.2.1., it is shown that the SA-PL inten-
sity increases slightly even in the homoepilayers. Compared with
the PL spectrum of the heterbepilayers, the genefation rate of SA
emissions is very low (see Figs. 3.2.3 and 3.2.4.). Thus the PL
ratio (R) changes from 33.0 to 8.1 at 700 ©C under H, atmosphere
in the homoepilayers, while it goes from 33.5 to 0.4 in the
heteroepilayers. Figure 3.2.4 shows the dependence of Tt on R in
both epilayers. Even the PL properties of the homoepilayers start
to degrade above 700 ©C. This indicates that another degradation
mechanism exists besides the heavy out-diffusion at high Ti. We
saw that the PL spectra at 77 K of the heteroepilayers were
influenced by the types of atmosphere in the heat treatment

[90,91]. As seen in Fig. 3.2.4., the R value recovers to the
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level of an as-grown homoepilayer by adding DMZ vapor, corre-
sponding to about 0.1 % of the total flow rate in the Hy atmos-
phere at 700 °C. It is suggested that the generation mechanism of
SA centers is more closely related to the occurrence of Zn vacan-
cies in homoepilayers, than the out-diffusion of a low concentra-
tion of unknown impurities (probably iodine impurities including
in the subsfrate.) through the vapor phase. It is also shown that
Nz atmosphere is superior to H2 atmosphere at the same flow rate
in both homo- and hetero-epilayers. The out-diffusion of impurij
ties through the vapor phase is suppressed with Nz atmosphere.
For this reason, the low thermal conductivity [93] or/and high
viscosity of the N2 atmosphere suppresses the scattering of the
impurities diffused from the substrate through the vapor phase.
Figure 4.2.5 shows the PL spectra in near the band-edge

region at 4.2 K of an as-grown homoepilayer (Fig. 3.2.5(a)) and a
homoepilayer treated at 757 ©C in Ny atmosphere for 5 min (Fig.
3.2.5(b)). Figﬁre 3.2.6 shows the PL. of an as-grown heteroepi-
layer'and one treated at 757 ©C under Ny atmosphere for 5 min. In
homoepilayers, both EX and IX lines at 2.8059 and 2.8004 eV,
respectively, are observed atvhigher energy (about 4 meV) than
those of the heteroepilayers. Nevertheless, in homoepilayers,
energy positions of all the peaks shift 4.5-5.3 meV upward
compared with heteroepilayers. Theyvare unchanged by Tt' It
probably indicates that homoepilayers are strain free because of
the complete coincidence of the thermal expansion coefficientsbof
the epilayer and the substrate. It has been shown that the ho-

moepilayers maintain the crystalline quality better than the
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heteroepilayers at high Ti. An intense peak at 2.7864 eV appears
after the heat treatment. The origin of this peak is identified
with the emission relatéd to the Zn vacancy (Ildeep emission),
by considering the above energy separation and the emission
energies in the heteroepilayers [91]. The reason is ascertain
that there is some concentration of Zn vacancies diffusing from
the highly iodine-doped ZnSe substrates. It is hardly observed in
the heteroepilayers. We have examined whether there is another
pbssibility of the out-diffusion of impurities from the ZnSe sub-
strates into the homoepilayers éfter the heat treatment or not.
In the PL spectra at 4.2 K, emission peaks due to other impuri-
ties are not observed. One can thus see that the purity of the
homoepilayers is well maintained even after heat treatment at 700
Oc. In the heteroepilayers, on the other hand, the heavy doping
of As atoms by the out-diffusion, and the onset of the degrada-
tion of the crystalline quality are seen. Indeed broad peaks
composed of Eg, Iy and Il(As) (appearing at 2.7904—2.7919 eV) are
observed with weaker intensities [91]. This clearly indicates
that one of the main causes of generating.SA centers and of
degrading the crystalline quality is the heavy out-diffusion
coming through the vapor phase during the heat treatment at high
temperatures. In homoepilayers, both the concentration of the
residual impurities and the crystalline quality are well con-
trolled in spite of the heavy out-diffusion of Zn vacancies. It
is also confirmed that the inclusion of DMZ (11.5)(10_6 mol/min.)
in the ambient gas can have only a small effect in suppressing

the concentration of Zn vacancies. One can thus see how difficult
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it is to suppress the heavy out-diffusion of Zn vacancies from
thé highly iodine-doped ZnSe substrates.

In summary, the thermal stability of ZnSe homoepilayers is
found superior to that of heteroepilayers despite the lower
growth temperature. While an overall crystalline quality is main-
tained, the heavy out-diffusion of Zn vacancies from the highly
iodine-doped ZnSe substrates is caused by the heat treatment at
high temperatures. As a mechanism of degradation of the homoepi-
layers in the heat treatment at high temperatures, the out-diffu-
sion of Zn vacancies, which is élosely related to the occurrence
of SA centers, is proposed. In fact, the inclusion of Zn vapor in
the ambience has an effect in suppressing the concentrations of
both SA centers and Zn vacancies. One has to admit, however, that
it is difficult to suppress their concentrations completely at
present.

As long as the impure ZnSe substrates are used in ZnSe ho-
moepitaxial growth, the oﬁt—diffusion of Zn vacancies from the
substrates cannot be prevented completely during the heat treat-
ment at temperatures higher than 700 ©C. Since the out-diffusion
of impurities in the ZnSe homoepilayers is less than that in the
ZnSe heteroepilayers,vthe heévy out-diffusion degrading the
crystalline quality is largely removed in the homoepitaxial
growth. The annealing temperature of Kkeeping the crystalline
quality in the ZnSe homoepilayer can be higher than that ih the
ZnSe heteroepilayer in post-annealing after the ion implantation

for p-type doping.
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Table 3.1.1. Heat treatment conditions.

Sample Growth conditions Conditions of heat treatment
No. 7, (°0) P, (Torr) T, Atmosphere Total flow rate (1/min. ) 1 1,
(°0) (min., ) (pm)

1 300 0.1 -2 - - - 3.0
2 300 0.1 300 H, 4.0 1 3.0
3 300 0.1 350 H, : 4.0 1 3.0
4 300 0.1 400 H, 4.0 1 3.0
5 250 760 -3 - - - 4.0
6 250 760 550 H, 4.0 5 4.0
79 250 760 600 H, 4.0 5 4.0
8® 250 760 700 H, 4.0 5 4.0
9 250 760 700 H, +DMZ 2. 0(DMzZ: 11.5 pmol /min, ) 5 4.0

10 250 760 700 H, +H,Se 2.0 (H,Se: 230 pmol /min, ) 5 4.0

11 250 760 657 N, 4.0 5 4.0

12 250 760 757 N, 4.0 5 4.0

2. No treatment

® The sample is also etched by chemical solution.
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Table 3.2.1. Thermal treatment conditions.

Temperature Atmosphere Flow rate Period Substrate

(°O (1/min.) (min.)

- ~ 2 - ~ ®  ZnSe, GaAs
200-700 H, - 4.0 5 ‘GaAs

600, 700 H, 4.0 5 ZnSe, GaAs
700 H,+DMZ 2.0 5 ZnSe

757 N, 4.0 5 ZnSe, GaAs

3 No thermal treatment
® DMZ, 11.5 pmol /min.

164



Deep emissions

300 K _ Tg=300°C
Pg=0.1 Torr
<
g
&
N
&
o
H
IO
&
Q;Q .
#4

/\ x4

N
W

500 600 700
WAVELENGTH (nm)

PHOTOLUMINESCENCE (a. u. )

*
by
\‘

Fig.3.1.1. PL spectra (measured at 300 K) of ZnSe
heteroepilayers (grown under the reduced pressure)
treated at various temperatures under Hoy atmosphere
(# 1-4).

(# 1, no treatment; # 2, T{=300 °C, t=1 min. ;
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PL spectra (measured at 300 K) of ZnSe
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pressure) treated at various temperatures under H2
atmosphere (# 5, 6 and 8).

(# 5, no treatment; # 6, T =550 °C, t=5 min. ; # 8,
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Fig. 3.1.6. Surface morphologies of ZnSe epilayers observed by
a Nomarski phase contrast interference microscope.
(a) As-grown (# 5).
(b) Epilayer treated at 700 OC under H, atmosphere
(# 8).

(c) Epilayer treated at 757 ©C under N, atmosphere
(# 12).
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Fig. 3.2.1. PL spectra (measured at 300 K) of (a) an as-grown
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under Ho atmosphere for 5 min after growth.
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4. p-type ZnSe by ion implantation

ZnSe presents a difficult problem of p-type crystal growth
because of the so-called self-compensation [18] inherent in II-VI
compounds. Accordingly, a low temperature epitaxial growth is
required to control the incidence of native defects in the epi-
layer, which is generally thought to be the main cause of self-

"compensation. The epitaxial growth at low temperatures has been
discussed in chapter 2. It is confirmed that ZnSe epilayers‘with
high crystalline quality can be grown at 250 ©C by MOVPE. Never-
theless, a p-type ZnSe with low resistivity could never be ob-
tained so far. Recently, numerous attempts have been made to
incorporate several p-type impurities including N [18,38 97,98] ,
P [19,38,102], As [101], Sb [99], and Li [94,95,96,100], using
gas phase or solid phase impurity sources during growth. Stutius
[38] reported p-type doping with group V impurities (N and P) by
MOVPE and suggested that N was superior to P. Park et al. [98-
100] tried p-type doping of ZnSe using N, Li and Sb, and Yao [19]
also investigated P-doped ZnSe by MBE. Attempts to dope p-type
impurities into ZnSe bulk cryétals'by"TOn implantation with Li
[103], P [102] and N [104,105] have also been repofted. However,
ZnSe epilayers with good p-type conversion have not been obtained
yet except for a few successful reports. Some bhotoluminescence
spectra at low temperatures indicate that p-type impurities such
as N, Li and As are actually substituted and formed acceptor
levels into the ZnSe epilayers. Nishizawa [95] and Yasuda [96]

reported that Li impurity forms a shallow acceptor level in
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ZnSe, and confirmed p-type conduction with a hole carrier concen-
tration from 1018 to 1017 cm~3. onki et al. [97] obtained N-doped
p-type ZnSe epilayers with a maximum hole carrier concentr;tion
of 1014 cm"3, by introducing a large quantity of NHqg during the
MOVPE growth. The suggested reasons for this are‘that the doping
source of Li used was impure while that of N required too high a
deposition temperature. As a result, the concentration of residu-
al impurity in the epilayers increased with Li doping {94] while
the acceptor concentration of N [18] in MBE-grown epilayers was
much limited to a low concentration despite of high density of N
atoms in ZnSe (102 cm™3). The Li impurity can create a shallow
acceptor level up to a relatively high hole concentration (1016—
1017 cm_3), while the N impurity produces only a low hole con-
centration (1014—1015 cm_3) despite the very high impurity con-
centration (1019 em™3) in the epilayers. Thus the activation rate
of N acceptors in ZnSe becomes very low.

In summary, a big problem of realizing p-type conversion is
that there are no appropriate sources for p-type dopants with
both high purity and thermal instability at low temperatures.

Ion implahtation is very promising as a method of p-type
doping in ZnSe because it can dope impurities to high concentra-
tion under non-equilibrium conditions with high purit&. Meanwhile

it gives radiation damage to the epilayer and would degrade the

crystalline quality. The last demerit has never been discussed.
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4-1. Li* ion implantation into ZnSe,epilayer

4-1-1. Effects of annealing conditions on the crystalline

quality of the ZnSe heteroepilayer

In this section, we report the result of Li* ion implanted
ZnSe epilayers grown at a low temperature of 250 °C by MOVPE and
show the optimum thermal annealing conditions, in which the
radiation damage is removed and a high activation rate of Li
atoms substituted on Zn sites can be accomplished without gener-
ating SA centers.

The grthh conditions were as follows. The growth temperature
was 250 ©C, the flow rate of DMZ was 11.5x107° mol/min., the
[Sel/[Zn] was kept at 20 , the total flow rate was 4‘1/min and
the growth period was 1 hour. Under these conditions, the sur-
face morphologies were reproducibly mirror-like and the epilayer
thickness was about 4 um. After growth; the undoped ZnSe epi-
layers were removed erm the chamber and implanted with Li* ions
with a dose density of 1014 e¢m™2 at an acceleration energy of 50
keV and current density of 80 llA/CmZ. The thermal annealing
conditions (after or before ion implantation) are listed in Table
4.1.1. The annealing conditions were chosen as stated in section
3-1 following our previous work t90,91] so that the thermal
treatments would maintain the high crystalline quality of ZnSe
heteroepilayers.

Firstly, we mention the crystalline quality of ZnSe heteroep-

ilayers before ion implantation. Figure 4.1.1 shows the PL spec-
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tra (measured at 77 and 300 K) of an undoped ZnSe epilayer with-
out Li+'ion implantation. Though BE emission is observed, there
is little SA emission at the respective measurement temperatures.
This indicates that an as-grown epllayer merely contains a very
low concentration of impurities and native defects. Figure 4.1.2
shows the PL spectra at 77 K of the ZnSe epilayers annealed
thermally as indicated in Table 4.1.1., without Li* ion implanta-
tion. Evén at 557 ©C, the crystal quality of the ZnSe heteroepi-
layers grown at 250 °C has not been degraded, and the concentra-
tion of SA centers has not inCréased. The crystalline quality is
maintained even after the annealing at temperatures up to 557 °C.
It is observed that an unknown emission begins to appear at 458.8
nm (2.703 eV) after the annealing at temperatures above 557 ©C.
Also the phenomenon commences from the fringe of the samples
around 657 ©C. It probably indicates that the annealed epilayer
has a concentration of acceptors higher.than an as-grown one.
Figure 4.1.3 shows the PL spectra at 4.2 K of the heteroepilay-
ers annealed thermally at various temperatures as 1indicated in
Table 4.1.1. As expected, both Il(As) and DA pair emissions are
intensely observed at 2.7914 and 2.6940 eV respectively after the
annealing at 657 °C. It is strongly suggested that a high concen-
tration of impurities are taken into the epilayers during the
annealing and that the origin of the impurity is thought to be As
atom, which forms a shallow acceptor in ZnSe, diffusing from the
GaAs substrates.

Next, we discuss fhe effects of Li* ion implantation on the

crystalline quality of the ZnSe heteroepilayers. It is well-known
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~that a substitutional Li atom on a Zn site acts as a shallow»
acceptor, while an interstitial L1 impurity as a donor [108].
Figure 4.1.4 shows the PL spectra at 77 K of the Li* ion implant-
ed epilayers including the thermal annealing. The implanted
epilayer without thermal annealing emits 1little light at 300 K
because of the radiation damage. Furthermore, PL spectrum at 77 K
shows no emission except for weak SA and Y emissions. The total
PL intensity is three orders of magnitude less than that of an
as-grown one. As the annealing temperature was increased, howev-
er, the total PL intensity composed of both BE and free to accep-
tor (FA) emissions (appearing at 459.8 nm (2.695 eV)) increased
abruptly. Combared with the results of Fig. 4.1.2., the energy
position of the transition emission is almost the same as the
peak emission (probably related to As impurity) appearing in the
annealed sample at 657 °C without ion implantation. The origin of
the peak emission is obviously different from that observed in
Fig. 4.1.2 and is assumed to be the FA transition emission relat-
ed to Li acceptor because fhe PL intensity becomes one hundred
times stronger than that of the epilayer without ion implanta-
tion. It was necessary to measﬁre the PL spectra of the epilayers
at 4.2 K in more detail in order to discuss the origin of the
impurities. Before doing that, we should prove that the radiation
damage due to Li* ions can be recovered by thermal annealing and,
at the same time, the activation rate of substituted Li impuri-
ties on Zn sites increases dramatically. At 757 ©C, only the FA
emission was seen and the PL intensity was twenty times stronger

than that from the epilayer treated at 657 ©C. Nevertheless, the
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SA-PL intensity did not increase. One can thus strongly support
the conclusion that the implanted Li impurity acts as an acceptor
rather than a donor following the thermal annealing. The crystal-
line quality was completely recovered at relatively low tempera—
tures below 557 ©C, as indicated by the saturation of the BE-PL
intensity. On the other hand, the’activation rate of the Li
acceptors was still increasing even at 757 ©9C. Figure 4.1.5 shows
the PL spectra at 4.2 K of Li* ion implanted epilayer after
post-annealing. The Il(Li) (acceptor bound exciton emission line
due to Li acceptor) and DA pair emissions were observed with
intense intensities iIn the epilayer annealed at 657 OC. The
energy position of the Il(Li) peak is 2.7905 eV. Since the same
thermal strain was imposed on both implanted and unimplanted epi-
layers at 657 ©°C, the energy position of the Il(Li) peak 1is
clearly different from that of the Il(As) peak in Fig. 4.1.3.,
which is thought to be the acceptor bound exciton emission line
due to the As acceptor. It has not been reported yet, except for
reference 4, that ZnSé doped by p-type impurity exhibits such a
main and simple I;(Li) emission peak. This indicates that the
epilayers maintained their crystalline quality very well even
after the high Li-doping. This also clearly supports the sugges-
tion that the implanted Li impurity forms a shallow acceptor
level in ZnSe, especially after the high temperature annealing,
in contrast with the abrupt increase of the interstitial Li donor
impurities following the low temperature treatment (below 557
©c). At 757 °C, the I;(Li) peak completely disappears and only DA

pair emission is seen.
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In summary, we confirm that the Li-doped ZnSe epilayers
(annealed thermally at temperatures above 657 ©C) exhibit a
possibility of p-type conversion. We have not measured their
electrical properties because of the difficulty of distinguishing
them from those of p-type conduction of the GaAs substrate due to
Zn atoms diffused from the ZnSe epilayers. We will discuss wheth-
er p-type conduction in ZnSe is confirmed by implanting Li* ions
on ZnSe homoepilayers. Before proceeding to the Li' ion implanta-
tion, in the next section, we discuss the optimum conditions to
realize the p-type conversion of ZnSe by investigating the im-
plantation and annealing conditions in Li* ion implantation

systematically.

4-1-2. Dependence of ion implantation and annealing conditions
on the crystalline quality, radiation damage and
activation rate of acceptor level in Li*-implanted ZnSe

heteroepilayer

After reporting the Li+ ioh implantation into ZnSe epilayers.
and suggesting a possible route to p—type conversion of ZnSe, we
will find, in this session, the optimum conditions to realize the
p-type conversion by systematically investigating the implanta-
tion and annealing conditions.

The purpose of this section is to see the effects of ion
implantation conditions (dose density Nd and acceleration energy

Ea) on the activation rates of the shallow acceptors as well as

184



SA center levels, radiation damage and crystalline quality in
ZnSe epilayers grown at low temperatures.

ZnSe heteroepilayers were grown on (100)-oriented GaAs sub-
.strates at 250 °C, with a [Sel/[Zn] of 40 and flow rate of DMZ of
11.5){10"6 mol/min. The growth period was 1 hour and the result-
ant epilayer thickness was about 4 g m under these conditions.
After the growth, Li* ions were implanted into the-epilayers
under the conditions listed in Table 4.1.2. The post implant
capless-annealing conditions are also described. These were the
optimum annealing conditions fdr E

cm“z, respectively, for Li doping as described in section 4.1.1.

a and Ny of 50 keV and 1014

We now discuss the PL property at 300 K. Implanted ions are
distributed in the epilayer and the implanted region is damaged.
Though the annealing at high temperature could remove the radia-
tion damage efficiently, it ought for a proper understanding to
be discussed in detail by characterizing epilayers implanted
under various conditions. Figure 4.1.6 shows PL spectra at 300 K
of Li-doped heteroepilayers implanted at an E, of 200 keV with
various dose densities. From all epilayers, a strong BE emission
(at 460 nm) was observed with little SA emission. A similar
result was observed for an as-grown epilayer. The PL spectrum at
300 K in the implanted ZnSe epilayer is suitable to directly
estimate the extent of the radiation damage, because the BE-PL
intensity reflects the degree of degradation of the crystalline
quality (see Fig.4.1.7.; it shows the relation between the BE-PL
intensity and FWHM of ZnSe(400) diffraction pattern measured by

the double crystal x-ray spectrometer.). It is of primary impor-
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tance to examine the relationship between the excitation depth in
ZnSe at 300 K of the exciting light with a wavelength of 325 nm
and the depth profile of the implanted Li* ions.

Figure_4.1.8 shows the calculated depth profiles of Li* ions
in ZnSe after implantation at a dose density of 1014 em™2 for E,
of 10, 50 and 200 keV according to the Lindhard-Scharff-Schiott
(LSS) theory. The position of the peak Li concentration is 0.94

rm below the surface at an E, of 200 keV. It is generally supposed
that the heaviest radiation damage by ion implantation occurs
.around a similar depth in the epillayer.

The photo-excitation depths in PL at 300 K were deduced by
investigating the PL spectra from as-implanted epilayers at
various acceleration energies. For instance, the PL emission at
300 K in an as-implanted epilayer at an Ea of 50 keV with an Nd
of 1014 cm™? was not observed at all because of the radiation
damage. But it was observed at an E, of 200 keV. The PL spectrum
was similar to that from an as-grown epilayer despite the heavier
radiation damage, which was seen in the region of some 0.94 uzm
below the surface. 1t is therefore thought that the excitation
depth of 325 nm u.v. radiation ét 300 K corresponds approximately
to the depth of the peak concentration of Li* ions implanted at
an Ea of 50 keV and the depth is estimated to be about 0.2 um.
Though it was feared that high temperature annealing at 757 ©C
might bring radiation damage to probagate deepiy into the epilay-
er, it was confirmed not to occur, since the PL spectrum and the
intensity at 300 K of an annealed epilayer were almost the same

as those of an as-implanted epilayer.
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Figure 4.1.9 shows the PL spectra at 300 K of Li*-implanted
ZnSe heteroepilayers at an E, of 50 keV with various Ng. The BE-
PL intensity from an epilayer annealed at 757 Oc after being im-
planted with an Ny of 101% cm™2 is very weak. In other words,
annealing at 757 ©C for 1 minute does not completely restores the
crystalline quality degraded by radiation damage. On decreasing
the dose density, the BE-PL intensity is increased abruptly. It
shows that the radiation damage can be removed efficiently by
thermal annealing, and the crystalline quality can be fully
recovered when the dose density is lower than 1015 em™2. The
SA-PL intensity increases dramatically at an Ngq of 1011 ém‘z and
becomes stronger than that of an as-grown epilayer. In addition,
the PL spectrum coincides with that of an as-grown epilayer
treated thermally in the N2 atmosphere without ion implantation.
This suggests that the effect of degradation is due rather to
high temperature annealing than to high doping by ion
implantation as described in a previous paper [91]. Figure 4.1.10
shows the PL spectra at 300 K of epilayers implanted at an Ea of
10 keV with dose densities of 1012 and 10'% cm 2. The sA
emissions are observed at an Ny of 1014 cm~2 and the intensity
decreases at an Ny of 1012 em~2, ‘

Figure 4.1.11 shows the dependence of the absolute PL inten-
sities of both BE and SA emissions on the dose density. The value
of the BE-PL ihtensity of an as-grown epilayer corresponds to
values between 0.5 and 2 in Fig. 4.1.11.

Let us then discuss the PL properties of the epilayers

implanted at each acceleration energy. At an E, of 200 keV, the
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crystalline quality of the ZnSe epilayer implanted with. an Ngq of
1015 em™2 is worse than that of an as-grown ZnSe epilayer. This
demonstrates that the radiation.démage occurs even near the
surface (about 0.2 pgm) and cannot be fully recovered, though the
depth of the heaviest damaged region is about 0.94 ym below the
surface and the radiation damage should be substantially smaller
at the regioﬁ near the surface. At an Nd of 1012 cm“z, the BE-PL
intensity tends to be stronger than that of an as-grown ZnSe
epilayer. This is attributed to the degradation of the
crystalline quality due to the annealing at high temperature in
ion implantation at light dose densities discussed in the case of
an Ny of 1011 cp~2 with an E; of 50 keV. The overall dependence
on Nd at Ea of 200 and 50 keV is reflecting the complex
relationship among doping, annealing and crystalline quality. The
annealing is effective Iin the epilayer implanted at an E; of 50
keV with ah Ngq of 1019 cm_z, and the BE emission begins to be
observed, but the PL intensity is still weaker thanvthat in an
as-grown epilayer. ‘The degree of recovery of the crystalline
quality at an Ea of 50 keV is more directly affected than that
at other E, because the most damaged region at an E; of 50 keV
completely coincides with the region estimated by PL at 300 K as
described above. Thus the optimum implanting andvannealing
conditions, which have been already determined for ZnSe epilayers
implanted at an E, of 50 keV with an Ny of 1014 em~2, are no
longer optimum ones for epilayers implanted at an Ea_of 50 keV
with an N4 of 1015 cem~2. Also when the dose density is

decreased below 1014 cm 2 at an E, of 50 keV, the dependence of
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the BE-PL intensity on Nd'is almost.the same as that of the
epilayer implanted at an Ea of 200 keV. This indicates that the
annealing removes the radiation damage at E, of 200 and 50 keV.
At an ion energy of 10 keV, a very different dependence is

observéd. The BE-PL intensity does not simply depend on the dose
density. Two reasons can be considered. Firstly, since the ion
implantation depth (45 nm) is much smaller than the PL excitation
depth, the degree of removal of the radiation damage through the
annealing is not reflected on the estimation by PL measurement.
Secondly,.it is thought that most of the Li impurities diffuse
out of the ZnSe epilayer during the capless-annealing. On this
point, it is confirmed from SIMS that about 99 % of the implanted
Li impurities (Ea=50 keV, Nd=1014 cm_z) diffuse out during the
capless-annealing [1]. Moreover, it 1is supposed that the out-
diffusion similarly oééurs'even when changing the acceleration
energy from 10 through 50 to 200 keV. The strong BE-PL intensity
shows that the radiation damage does not propagate deeply at an
E, of 10 keV. At the same time, the radiation damage is removed
effectively. The fact that the SA emissions are observed slightly
at an Nd of 1014 cm"2 suggests that the region near the surface
includes some concentration of’SA centers. This can be understood
_because the peak concentration at 10 KeV is 9 times higher than
that at 200 keV with the same dose density (see for example, Fig.
4.1.8.; the Li peak concentration is 1x1019 cp~3 at 200 keV,
while that amounts to 9x1019 cm™3 at 10 keV uhder the same 101°
em™2.). The radiation damage caused by an E, of 10 keV 1is thus

estimated to be about 10 times heavier than that caused by the
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bombardment at 200 keV at the same dose density. It is thought
that the optimum annealing conditions for an E, of 200 keV are
different from those at 10 keV. One can conclude that the radia-
tion damage does not propagate so deeply into the epilayer by
this annealing procedure, though the increase in concentration‘of
the SA centers is slight.

Figures 4.1.12, 13 and 14 show the PL spectra at 77 K of Li-
doped ZnSe heteroepilayers implanted at various Ea and Ng. In all
Li-doped ZnSe epilayers, the BE and FA emissions are seen at 445
and 460 nm, respectively, with strong intensities. Figure 4.1.15
éhows the dependence on the Ng at E; of 10, 50 and 200 keV for
Li* ion implantation of the absolute PL intensities of BE, FA and
SA emissions. A similar dependence on the dose density for
implanted Na* ions is also plotted in Fig. 4.1.15. Compared with
Fig. 4.1.11., the dependence on Nd is not so pronounced. The
reason is probably that the excitation depth for PL at 77 K is
deeper than that at 300 K. It is suggested by the fact that PL
emission from an as-implanted ZnSe epilayer even at an Ea of 50
keV with an Ny of 101® em™2 is observed at 77 K, but not at 300
K. The excitation depth in PL af 77 K thus seems to be deeper
than that at 300 K, and the PL information about the degradation
of the implanted region is extended over a wider region including
the undamaged region in the epilayer. The PL intensity of Li'*-
implanted ZnSe at an Nd of 1015 cm"2 is definitely lower than
that of an as-grown ZnSe. This clearly shows that_the effects of
radiation damage are also observed by PL at 77 K.

Figures 4.1.16, 17 and 18 show the PL spectra at 4.2 K in the
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near band-edge region of Li—doped ZnSe heteroepilayers implanted
at various E,; and Ng. At an Ny of 1014 and 10°® c¢m 2 with an E,
of 200 keV, the Il(Li) emission is intensely observed at 2.7898
eV and the Ey, I, and DA(Li) pair emissions are also resolved at
2.7992, 2.7958 and 2.700 eV, respectively. This c¢learly
demonstrates that the epilayers have a high crystalline quality,
though the radiation damage in the narrow region of the epilayers
is not completely removed as discussed above. Also the Ild
emission associated with the Zn vacancy 1is observed at 2.7808
eV. It has been reported {4] thét the high temperature annealing
generates Zn vacancies. The Ild—PL intensity of the epilayer
implanted at an Ny of 1013 cm_2, however, 1is stronger than that
of an as-grown epilayer annealed at 757 ©C. It shows that the
process including both ion implantation and annealing generates
more Zn vacancies than annealing alone. The mechanism of forming
the acceptor levels is thought to be that the Li impurities
introduced by ion implantation are trapped by Zn vacancies
generated by the annealing and substitute for Zn sites. This
suggestion 1is reasonably explained by the fact that the Ild—PL
intensity in the epilayer implanted at an Nj of 1013 cm™ 2 is
almost the same as that in the epilayer implanted at an Ng of
1014 cm™2, while the PL intensity of the I (Li) emission in the
epilayer implanted at an Nd of 1013 cm_2 is ten times as weak as
that of the epilayer implanted at an Ng of 1014 cm~2. The
concentration of Zn vacancies generated by annealing alone is not
always equal to that of Li' ions implanted at the Ng below 1013
-2

cm So it is difficult to accept the simple hypothesis stated
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above. The effect of the radiation damagé must also be considered
in discussing the activation rate of the acceptor levels. The PL
results suggest that the simple idea is probably all right for
the region of Nd between‘1013'and 1014 cm"z.. For Nd greater than
1014 cm"z, the absolute PL intensities begin to saturate,
indicating that the activation rate of the acceptor levels
decreases drastically despite the increase in Nd' It means that
the radiation damage decreases the activation of the acceptor
levels. Since sharp EX and IX emissions are seeh even at an Nd of
1015 cm"z, it seems that the crystallinevquality of the epilayer
is maintained very well in spite of the heavy radiation damage.
This phenomenon is easily explained from the above discussion of
the excitation depth in PL at low temperature.

The sharp emissions (Ex, I¢, I4(L1)) are broadened and the PL
intensity of the DA(Li) pair emission increases abruptly at an Nd
of 1012 ¢cp~2, This is thought to be the effect of high tempera-
ture annealing rather than that of Li doping. It shows that the
thermal stability of the Li+—implanted ZnSe epilayer is a little
lower than that of the undoped ZnSe epilayer in spite of the
light radiation damage. The annéaling conditions (757 ©C, 1 min.)
are not suitable for activating the acceptor levels in the. epi-
layer implanted at an Ngq of 1012 op~2 and the high temperature
annealing degrades the crystalline quality. The optimum annealing
temperature would have to be reduced below 757 ©C for an Nd of
1012 cm2, It is feared that the crystalline quality would be
degraded if the same optimum annealing conditions for high Ny are

- chosen fTor low Ng-
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The peak concentration of Li* ions at an E, of 50 keV is
higher than that at 200 keV for the same Ng and the radiation
damage is also heavier near the surface. As seen from the struc-
ture of the PL spectra of the epilayer implanted with an N3 of
10150m"2, the PL intensity of the DA(Li) pair emission is strong.
It means that the radiation damage is not remqved, or the
annealing conditions are no 1longer optimum condifions. The
unknown broad emission appearing at 2.7865 eV 1is frequently
observed in epilayers with heavy radiation damage. As Ng is
decreased, the Il(Li) emission disappears and the excitonic
‘emission lines are broadened. It is thought that both‘ion
implantation and annealing process degrade the crystalline
quality at a low Ng. In the annealed epilayers implanted at an Ea
of 10 keV, the PL intensity of the I;(Li) emission is weak and
those of the Ey and Iy emissions are strong for an Ng of 1014
cm_z. From the LSS theory, the peak concentration of Li* ions is
highest (9x1019 cm~3 at an Ngq of 1014 cm"z) and the peak depth is
shallowest (45nm) for E, of 10, 50 and 200KeV. Most of the Li
impurities diffuse out of the epilayers during the capless-
annealing. At the same time, since the excitation depth in PL is
thought to be deep at 4.2 K, the damaged region may not
apparently be observed. It also indicates that the radiation
damage does not propagate into the epilayer.

In summary, the optimum annealing conditions, which are needed
to remove the radiatidn damage and to activate the acceptor
levels without generating SA centers, are dependent on the ion

implantation conditions. The effects of the ion implantation
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conditions on the crystalline quality of heteroepilayers arec
examined and subjected to the optimum annealing conditions. The
PL. emission of the epilayers annealed under the same conditions
is affected byrchanging the ion implantatioh conditions (Ea and
Nd). It is concluded that the crystalline quality of the epilay-
ers is dependent on the combination of their overall treatments,
which determine the complex interrelations between the radiation
damage by the ion implantation and the activation rate of the
acceptor levels, between the radiation damage and the dose densi-
ty, and between the removal of the radiation damage and the
annealing conditions. As Nd changes, the optimum annealing
condition for heightening the activation rate and the degree of
recovery of radiation damage also change. The depth profile of
the implanted ions and the radiation damage is greatly affected
by E;. As a result, it is difficult to define the degree of the
radiation damage with a nonuniform depth profile in the epilayer.
Moreover, the high-temperature annealing does not lead to the
propagation of the radiation damage deep into the epilayers.

It is concluded that Li‘* ion implantation_in ZnSe epilayers
is hopeful as p-type doping technique. In what follows, we will
see the Na* ion implantation in the ZnSe epilayers as other p-
type doping species. It is known that Na atom has a diffusion
coefficient lower than Li atom in ZnSe. It would degrade the
characteristics of the ZnSe B-LED because the pn interface is
destroyed by the diffusion of Li atoms into n-type ZnSe. In
chapter 5, we will also discuss the diffusion of Li atoms into

the ZnSe epilayers by actually fabricating the device‘structure
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of a B-LED.
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4-2. Na* ion implantation into ZnSe epilayer

The Li impurity can form a shallow acceptor levels up to a
relatively high concentration of holes (1016—1017 cm"3). It is a
useful p-type doping species as stated in section 4-1. It is
known that Li impurity atoms can diffuse easily even at 280 ©°C in
ZnSe [107]. Cheng et al. [107] investigated the p-type doping
with Na impurity instead of Li impurity by MBE, and confirmed by
SIMS that the Na impurity does not diffuse in ZnSe. The high
diffusion rate of Li would degrade the electrical properties of
the epilayers in forming pn junction in B-LED. If p-type
conversion is achieved by Na impurity, it might be expected
accordingly, that the Na impurity would have more advantage than
the Li impurity. The p-type ZnSe epilayers, however, have not
been obtained so far by doping Na impurities and the PL spectra

show the presence of a high concentration of SA center levels.

4-2~1. Effect of annealing conditions on crystalline

quality of ZnSe heteroepilayer

The purpose of this section is to report the successful Na®
ion implantation into ZnSe epilayers grown by the atmospheric
pressure MOVPE. Furthermore, the optimum annealing conditions
after ion implantation have been investigated in order to remove
the radiation damage and to form shallow Na acceptor levels

efficiently.
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ZnSe epilayers were grown on (100) oriented GaAs substrates
at 250 ©°C. The flow rate of DMZ was 11.5x10°% mol/min., the
[Sel/[Zn] was 20, and the growth period was 1 hour. The epilayer
thickness was 4 ux#m under these conditions. After fhe growth of
undoped ZnSe epilayers, Na* ions were implanted at an Ea of 50
keV and with an Nd of 1014 cm_z. Then the implanted ZnSe
epilayers were annealed at various Tt (451-757 ©C) ahd t (5 and
30 minutes) in N, atmosphere as listed in Table 4.2.1. The effect
of the annealing on the crystalline quality of the epilayers
grown at 250 ©C has already been discussed»in the previous
section.

Iﬁplanted epilayers were annealed at wvarious Tt for 5
minufes. Figure 4.2.1 shows the dependence on T¢ of their.PL
spectra at 300 K. Almost no PL emissions were observed from the
implanted epilayers without post-annealing. BE emission at 300 K
began to be observed after annealing at 557 °C (T{=557 °C) for 5
min. This indicates that the radiation damage caused by the ion
implantation 1is gradually removed and the crystalline quality
begins to recover at about 550 ©C. As Tt increases, intensities
of both BE and SA emissions increase rapidly. In particular, with
T¢> 657 °C, the SA-PL intensity, with its peak at about 600 nm,
increases more rapidly than the BE-PL intensit&. It is evident
that the Na impurity generates SA center levels easily. Figure
4.2.2 shows the dependence of t on the PL property at two differ-
ent Ty (557 and 657 OC). At 451 ©C, no emissions are observed at
300 K in spite of increasing t. At 557 ©C, however, with length-

ening t, the BE-PL intensity increases without generating SA
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center levels. In contrast, at 657 OCc, the SA-PL intensity be-
comes stronger than the BE-PL intensity with increasing t. These
results show that thermal treatments at 557 °C for 30 minutes, or
at 657 °C for 5 minutes, are suitable conditions for removing the
radiation damage generated by the Naf ion implantation. Figure
4.2.3 shows the dependence on T of the PL spectra of the im-
planted epilayers measured at 77 K. With Tt=451 OC, the BE-PL
intensity is very weak, while both FA and SA emissions are ob-
served with strong intensity. As T¢ increases from 451 °C to 557
©C, the BE- and FA-PL intensities increase abruptly while the SA-
PL intensity remains almost constant. After annealing at 657 °¢C,
the BE-PL intensity becomes stronger than the FA-PL intensity,
which indicates that the crystalline quality of the implanted
epilayers is restored. That is consistent with the PL results
measured at 300 K. The FA-PL intensity saturates after annealing
at temperatures higher than 557 ©°C, though the BE-PL intensity is
still increasing. Figure 4.2.4 shows the dependence on Tt of the
absolute intgnsities of various PL peaks (BE, FA, and SA emis-
sions) measured at 77 K. It clearly shows that the crystalline
quality recovers completely at about 650 °C while the activation
rate of Na acceptor levels (the ratio of the concentration of the
activated acceptor levels to the implanted Na‘t ions) satufates at
around 550°C. Figure 4.2.5 shows the dependence on t of the PL
spectra at'77 K of epilayers annealed at 451 and 557 ©C. After
annealing at 451 ©C, the FA-PL intensity increases in the same
manner as the BE-PL intensity, which shows that the crystalline

quality is recovering and the activation rate of Na_acceptor
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levels 1is also increasing at this annealing temperature. Howev-
er, SA-PL intensity decreases dramatically with increasing t. It
is suggested that the remnants of the implanted Na impurities are
taken into_Zn sites to form the acceptor levels with increasingb
t, particularly at low T (=451 ©C). On the other hand, after
annealing at 557 ©C, only the BE-PL intensity increases while the
other FA- and SA-PL intensities remain constant. It implies that
the activation rate of Na acceptor levels is unchanged with
increasing t. From these résults, one can' conclude that the
necessary T¢ (557 ©C) of forminé'Na acceptor levels is lower than
that (857 ©C) for recovering the crystalline quality. Figure
4.2.6 shows the PL spectra of Na*-implanted ZnSe epilayers'an—
nealed at 451 and 557 ©C, which are measured near the band-edge
region at 4.2 K. Though no PL emissions are observed af 300 K for
epilayers annealed at 451 ©C, the PL spectra at 4.2 K show that
the dominant peak 1is the acceptor bound exciton emission line
(I;(Na)) related to the Na acceptor. The I;(Na) emission is seen
at 2.7917-2.7928 eV. This 1is in good agreement with the value
(2.7931 eV) reported by Dean et. al [112]. The reason for the
increase of the BE emission observed at 300 K would also be
explained by the phenomenon that the IX—PL intensity becomes
stronger as the radiation damage is removed, or the donors inad-
- vertently included in the epilayers are activated.
In summary, the Na doping by ion implantation into MOVPE-

grown Z7ZnSe heteroepilayers has been demonstrated and the optimum
annealing temperature for forming Na shallow acceptors without

generating SA centers has been established to be about 550 °C. It
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Is suggestcd that recovering the crystalline quality [from the
radiation damage is still continuing at this annealing
temperature.

Thus Na® ion implantation in ZnSe is more difficult than Li*
ion implantation because of generating the heavy radiation dam-
age, though Na also forms an shallow acceptor level. SA centers
are easily formed by the post-annealing after Na' ion

“implantation and the activation rate of Na acceptor levels is too
low compared with that of Li acceptor. The next step is to find
the optimum conditions of realizing the p-type conversion by
systematically investigating the implantation and annealing

conditions in Na* ion implantation systematically.

4-2-2. Dependence of ion implantation and annealing conditions
on crystalline quality, radiation damage and

activation rate of acceptor levels in Na*-implanted ZnSe

The purpose of this section is to report the effects of Na‘t
ion implantation conditions (Nd and Ny) on the activation rates
of the shallow acceptors and SA center levels, radiation damage
and the crystalline quality in ZnSe epilayers grown at low tem-
peratures. Comparison will also be made with the case of Li‘ ion
implantation.

After the growth, Na* ions were implanted into the epilayers
under the conditions listed in Table 4.2.2. The post implant

capless-annealing conditions are given in Table 4.2.2. These are
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the optimum annealing conditions for an Ea and Nd Qf 50 keV and
1014 cm’"2 for Li and Na doping as described in previous sections
4.1 and 4.2. The diffusion rates of Li and Na impurities in ZnSe
will also be discussed, as these consist a most impdrtant factor
in developing the ZnSe B-LED.

Figure 4.2.7 shows the PL spectra at 300 K of Na-doped ZnSe
epilayers implanted with Nd of 1012 and 1014 cm_z.at an Ea of 50
keV. The BE emission is not seen at an Nd of 1014 cm"2, but un-
known broad deep emissions swamping BE and SA emissions are
observed with a maximum around 493 nm. Comparéd with the case of
Li* ion implantation, SA center levels are very easily generated
in Na*-implanted ZnSe. It is because the radiation damage caused
by Na* ions degrades the crystalline quality heavily, and it is
not recovefed even after post-annealing. With Na*—implanted ions,
the annealing temperature of 557 ©C is insufficient to remove the
whole radiation damage. Since the atomic mass of the Na* ion (23
a.m.u.) is much heavier than that of Li* ion (7 a.m.u.), it is
suggested that the radiation damage due to Na* ions is heavier
than that due to Li* ions under the same implantation conditions.
The higher generation.rate of SA center 1évels in Na* ion
implantation is probably related in a complex wéy to the heavier
radiation damage, degradation due to annealing at high
temperature and the high concentration of Na impurities. The BE
emission is observed in the absence of SA emissions at 1012 cm 2.
Thus the radiation damage due to Na* ions is entirely removed by
the annealing at low Ng- The absolute BE-PL intensity 1is also

plotted in Fig. 4.1.11. Figure 4.2.8 shows the depth profile of
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Na impurities in Na‘*-implanted (Ea=50 keV, Nd=1012 em™2 and E,=50
keV, Nd=1014 cm"z) ZnSe calculated using LSS theory. Compared
with Li, the implantation depth (65 nm) at the peak concentration
(8.5x1018 ¢cp3 at an Ng of 1014 ¢em™2) of Na* ions is shallower
than that (256 nm) in Li. »

Figure 4.2.9 shows the PL spectra at 77 K of Na-doped ZnSe
epilayers implanted at an Ea of 50 keV with Nd of 1012 and 1014

cm_z. Though the FA-PL intensity of Na+—imp1anted ZnSe at 1014

2 jg seemingly stronger than that at 1012 cm"z, the absolute

cm
FA-PL intensity is lower because of the heavy damage left in the
epilayer. Thus the activation rate of Na acceptor levels at high
Nd is much lower than that at low Nd' This strongly suggests that
the activation rate of acceptor levels is related to the degree
of radiation damage léft in the epilayer. Compared with the PL
spectra at 300 K (see Fig. 4.2.7.), the concentration of SA
centers seems to decrease at 77 K. Considering that the depth of
peak concentration of Na impurities is only 65 nm from the
surface and the radiation damage by Na' ions is heavier than
that by Li* ions, one can expect that the excitation depth in PL
is connected with the degree of radiation damage. Indeed most of
the carriers generated by the excitation light recombine in the
heavily damaged region before diffusing into the undamaged
region.
Figure 4.2.10 shows the PL spectra at 4.2 K of Na-doped

epilayers implanted at an E, of 50 keV with two Ny (1012 c¢m™2 ang
1014 cm"z). Though the total PL intensity of ﬁhe epilayer im-

planted with an Nd of 1014 cm™ 2 is very weak, the I¢s Il(Na) and
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DA(Na) pair emissions are observed at 2.7962, 2.7919 and 2.681
eV, respectively. The weak PL intensity implies that the effect
of radiation damage is still present in the epilayer ever after
annealing. On the other hand, at an Ngq of 1012.cm_2, sharp and
intense emissions bf Ey at 2.8016 eV, the other donor bound

exciton emission lines (12) at 2.7993 eV, I, and Il(Na) are seen

X
with 1little DA(Na) pair emission. This'indicates that the Na*-
implanted epilayer dose not have much radiation damage and the
annealing at 557 ©C for 5 min is the optimum conditions for Na®*
ion implantation at an Ea of 50lkeV with an Ny of 1012 cm™2. The
next subject will be the diffusion rates of Li and Na impurities
in ZnSe. These will be a central problem to develop the ZnSe B-
LED.

Figure 4.2.11 shows depth profile (after annealing) of Li*-
implanted (T;=757 ©C) and Na®-implanted (T(=557 °C) (at 50 keV)
epilayers measured by SIMS, and PL spectra at 77 Krof Li-doped
inter-epilayer (1014 cm™2, 200 keV; T=757 °C) at etching depth
X. The epilayer thickness is 3.8 pgm. It is confirmed that Li
diffuses at 757 ©C and Na at 557 °C almost uniformly in ZnSe
(each optimum annealing condition). As expected.from the SIMS
analysis, the FA-PL 1nten$ity of Li-doped epilayer.is independent
of the etching depth except at the surface and interface. More-
over, the FWHM of the FA emission observed in tﬁese regions is
broader than that observed in other cases. This indicates that
diffusing Li impurities would tend to'piling themselves up near
the surface and interface. Thus, as long as the ion implantation

is utilized in ZnSe, 1t is concluded that the diffusion rate of
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Li is not much different from that of Na. It is not certain yet,
however, whether it is possible to fabricate B-LED using Li as a
p-type dopant, which is well-known to diffuse easily only from
the result. The diffusion raté of Li atoms in ZnSe from the
viewpoint of device structure will be discussed in detail in
chapter 5.

The Na* ion implantétion degrades the crystalline quality of
the ZnSe epilayers heavily by the radiation damage. The radiation
damage is much related to Nd. The degradation of the crystalline
quality proceeds still more by the annealing, rather than
recovery. Though'the Na atom forms a shallow acceptor, it also
seems to form a concentration of SA centers higher than that of
Li. It shows that Li is superior to Na as p-type doping species.
Moreover, it is suggested that Li and Na diffuse into the
epilayers uniformly after each optimum annealing condition, and
as long as ion implantation is utilized in ZnSe, the diffusion

rate of Li is not much different from that of Na.

4-3. Li' ion implantation into ZnSe homoepilayer

The thermal stability of the ZnSe homoepilayers with high
crystalline quality has been discussed and it is found that the
annealing temperature of keeping the crystalline quality in the
ZnSe homoepilayer should be higher than that in the ZnSe
heteroepilayer. It is expected that the ion implantation into the

ZnSe homoepilayer is effective of heightening the activation rate
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of Li accéptors and the crystalline quality. It is because the
annealing temperature of the homoepilayer can be held higher than
that of the heteroepilayer.

The objective of this section is to report the ion implanta-
tion into the homoepilayers and to try to confirm the p-type
conduction of ZnSe. The ZnSe homoepilayers were grown at the
following conditions. The growth temperature was 220 °C, the
reactor pressure was an atmospheric pressure, the flow rate of
DMZ was 11.5x10°6 mol/min., the [Sel/[Zn] was 10 and the grdwth
period was one hour. Under these growth conditions, the
eplilayer thickness was about 4 Lm., After the growth, the
homoepilayers were annealed at 700 OC under Hz atmosphere for 1
min.

Figure 4.3.1 shows PL spectrum at 300 K of Li-doped ZnSe
homoepilayers implanted at an E, of 50 keV with an Ng of 1014
cm"z, which were subjected to post-implant thermal annealing. It
shows that BE emission is observed with almost the same intensity
as the undoped ZnSe homoepilayer and SA emissions are not seen.
The PL property of the Li-doped ZnSe homoepilayer is the same as
that of Li-doped ZnSe heteroepilayer. As discussed in section 4-
1, the emission related to Li acceptor level is scarcely observed
at 300 K. Thus the improvement of the crystallographic quality by
the homoepitaxial growth does not always increase activation rate
of the acceptor level.

Figure 4.3.2 shows PL spectra at 77 K of Li-doped ZnSe homo-
and heteroepilayers implanted at an Ea of 50 keV with an Nd of

1014 cm"z, which were subjected to post-implant thermal
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annealing. It shows that the concentration of SA centers in the
ZnSe homoepilayer is slightly higher than that in the ZnSe
heteroepilayer. On the other hand, the FA-PL intensity of the
ZnSe homoepilayer is slightly weaker thén that of the ZnSe
heteroepilayer. It indicates that the concentration of Li
acceptor levels is lower than that iﬁ the ZnSe heteroepilayer.
Namely, the activation rate of acceptof levéls is low and the
generation rate of SA centers is a 1little high in the ZnSe
homoepilayer despite the improved crystallographic property due
to lattice matching. We have seen in section 3-2 that the ZnSe
homoepilayér was not degraded by the annealing at 700 °C for 5
min., so that the SA centers were not generated only by the
annealing. It is feared that some native defects ({probably, Zn
vacancies) would be generated by ion implantation and they pro-
duce SA centers. It is suggested as a reason why native defects
are created by ion implantation that the crystalline quality is
too excellent in homoepilayers. Be what as it may, the heteroepi-
layer seems to be superior to the homoepilayer, so long as the
ion implantation is taken as p-type doping technique. Figure
4.3.3 shows PL spectra at 4.2 K near the band-edge region of Li-
doped ZnSe homoepilayers implanted at an Ey of 50 keV with an Nd
of 1014 cm_z, which were subjected to post-implant thermal an-
nealing. The sharp Eyx and Il(Li) emission lines are observed with
strong intensities. It seems that the crystalline quality is
highly maintained and Li shallow acceptors are formed. Moreover,
Ildeep is also observed. It is understood that Zn vacancies are

generated by the thermal annealing as described in section 3-2,
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not by the ion implantation. It will be difficult to repress the
generation of Zn vacancies in the process including thermal
annealing in the homoepitaxial growth. It is suggested that the
high generation rate of Zn vacancies 1s much related to that of
SA centers as discussed above.

Also we also try to confirm the p-type conversion by
measuring the Hall effect of the Li*-implanted homoepilayers, as
expected in section 4-1. The p~tybe conversion, however, 1s not
confirmed at present because the electric current does not flow
between the Au electrodes deposited by evaporation; Since it is
doubtful whether the Li-implanted epilayer really has p-type
conductivity or whether Au is truly suitable as an electrode
material for p-type ZnSe, the eventual accreditation of the p-
type ZnSe is still very difficult.

We shall compare the vapor phase with the ion implantation in
iodine-doped ZnSe epiléyers from the doping technique in the next
section. The I (iodine) impurity is indeed convenient to control

the n-type conduction, easily by both doping techniques.

4-4. Comparison of doping technique between vapor phase and

ion implantation into ZnSe epilayer

Ion implantation generates the radiation damage and the
nonuniformity of the implanted impurities in the epilayer as
described in sections 4-1, 2 an 3. The distributions of radiation

damage and the implanted impurities cause the depth profile of
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érystalline quality in the epilayer. It is difficult to estimate
the crystalline quality in the epilayer. Also, since it is very
difficult to estimate the activation rate of the acceptor levels
in p-type ZnSe independently of the doping techniques, we will
dope I (iodine) donor species as monitoring the activation fate
of donor levels into ZnSe epilayers by two‘kind of techniques
(the Vaporiphase and ion implantation). The vapor phase will be
compared with the ion implantation for doping technique, and the
close relations between activation rate bf the I impurity, crys-
talline quality and radiation damage in the ZnSe,epilayer will be
discussed in this section. Moreover, by investigating n-type
doping, we will try to find a clue to the control of the electri-
cal properties by ion implantation as a p-type doping technique
in ZnSé.

ZnSe epilayers were grown on the (100) oriented GaAs sub-
strates at 250 °C and 20 of [Sel/[Zn]. The I* ions are implanted
at 50 keV and 1012—1013 cm_z. The epilayer thickness was 4um.
The post-annealing conditions were‘that Tt was 400-600 ©C and the
t was 5-30 min. The n-type ZnSe epilayers were made by mixing n-
buthyliodine (n—BuI;C4H91) in HZSe flow gas during the epitaxial
grbwth. The n-type carrier concentration was 1018 em™3 in an I-
doped ZnSe grown by the vapor phase.

Figuré 4.4.1 shows the depth profile of I atoms of the I*-im-
planted (50 keV, 1613 cm"z) ZnSe calculated by LSS theory before
the annealing. The I-doped ZnSe epilayer implanted under the
above conditions has a peak concentrationrof\4.1x1018 cm™3 at the

depth of 18 nm from the surface. If the I*-implanted ZnSe epilay-
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er is annealed, the I impurities would be redistributed uniformly
in the epilayer. It is so expected from the uniform depth profile
of Li and Na impurities in the implanted ZnSe epilayers after
post—anneéliﬁg. Presuming that the I impurities are uniform in
the epilayer, the concentration of I atoms is estimated to be
531017 em™3.

Figure 4.4.2 shows the PL spectrum at 77 K of the I*-
implanted (50 keV, 10134cm"2) ZnSe heteroepilayer after the
post-annealing (600 Oc, 5 min;). The SA emissions except BE emis-
sion are observed, indicating that the epilayer is damaged by IV
ion implantation.

Figure 4.4.3 shows the PL spectra at 300 K of the I1*-
implanted (50 keV, 1012 cm"z) /nSe heteroepilayer after vafious
post-annealing (400-600 ©°C, 30 min.). Both PL spectra and
intensities of I-doped ZnSe epilayers are unchanged by Tt' The
BE-PL intensity is about 40 times as strong as that of an undoped
ZnSe epilayer. The I impurity forms an excellent donor level in
ZnSe without generating SA center levels. The radiation damage is
much 1ighter in the implantation and annealing conditions (Nd
(1012 em™2), E, (50 keV), T (400-600 °C) and t (30 min.)). The
crystalline quality of I*-implanted ZnSe epilayeré is not degrad-
ed even at the annealing temperature of 600 °C

Figure 4.4.4 shows the PL spectra at 77 K of the I%-
implanted (50 keV, 1012 cm—z) ZnSe epilayer after various post-
annealing (400-600 °©C, 30 min.). For low Nd, the BE emission is
"observed with strong intensity while the SA-PL intensity is

weaker than that of the ZnSe epilayers implanted with I* ions at
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a high Ng (1013‘cm_2; Fig.4.4.2.). It is showing that the
concentration of the generated SA centers is related to the
radiation damage. As T increases, the PL intensity of the
emission appearing at 2.699 eV increases. The origin of the
emission is probably related to As impurity diffusing from the
GaAs substrate in the annealing process.

Figure 4.4.5 shows the PL spectra at 4.2 K near the band-
edge region of the I*-implanted (50 keV, 1012 cm"z) ZnSe epilayer
after various post-annealing (400-600 °C, 30 min.). All the
epilayers have sharp and strong excitonic emission lines (EX and
12 at 2.797 eV). One can thus see that a high crystalline quality
is maintained. The Iz emission is thought to be donor bound
exciton emission line due to iodine donor level. As Ty increases,
the PL intensity of the emission at 2.791 eV increases. It is
probably thought to be Il(As) due to As acceptor diffusing from
the GaAs substrate as shown in Fig.4.4.4. The Ild emission with
strong intensity 1is observed after annealing at a Tt of 500 ©cC.
zn Vacanciés,are probably generated by the annealing.

Figure 4.4.8 shows the PL spectra at 300 K of the I*-
implanted (50 keV, 1012 cm’z) ZnSe epilayer after a post-
annealing (500 ©C, 30 min.) and of a ZnSe epilayer doped through
the vapor phase. The BE-PL intensity of the ZnSe epilayer doped
by ion implantation ié about ten times as weak as that of the
ZnSe epilayer doped through the vapor phase (n=1x1018 cm_3). The
carrier concentration of the ZnSe epilayer doped by ion implanta-
tion is estimated to be about 1017 em™3. This concentration

coincides well with the values (the peak concentration of I atoms
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is 4.1x1017 cm™3 and the average concentration 1is about 5x1016
cm"3.) expected from the depth profile of I atoms in‘ZnSe.

Figure 4.4.7 shows the PL spectra at 4.2 K near the band-
edge region of the I*-implanted (50 KeV, 1012 cm_z) ZnSe epilayer
after a post-annealing (500 °C, 30 min.) and of a ZnSe epilayer
doped through the vapor phase. In the ZnSe epilayer doped through
the vapor phase, the I, emission is broad. It is therefore show-
ing that the epilayer is highly doped by»I impurities. On the
other hand, the crystalline quality of the ZnSe epilayer doped by
ion implantation seems to be maintained high, since the genera-
tion rafe of SA centers is suppressed and the doping level is low
as expected. By taking care of the radiation damage, it is thus
concluded that the activation rate of I donors in ZnSe doped by
ion implantation is as high as that in ZnSe doped through the
vapor phase.

It is strongly suggested, accordingly, that the ion implanta-
tion as p-type doping technique in ZnSe will be hopeful if the

radiation damage is removed.
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Table 4.1.1. Thermal annealing conditions.

Temperature Flow rate =~ Period
Type (°C) Atmosphere (#/min. )  (min. )
A No annealing
B 451 N, 4.0 5
C 557 N, 4.0 5
D 657 N, 4.0 5
E 757 N, 4.0 5
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Table 4.1.2. Ion implantation and annealing conditions.

Ion implantation conditions Annealing conditions
Accelera-
tion Dose
energy density Tempera-

E, N, - Atmo- ture Period

No. Species  (keV) (cm™?) sphere (°C) (min. )
1 Li 200 102 N, 757 1
2 Li 200 10" N, 757 1
3 Li 200 10" N, 757 1
4 Li 200 10" N, 757 1
5 Li 50 10" N, 757 1
6 Li 50 10'2 N, 757 1
7 Li 50 10" N, 757 1
8 Li 50 10" N, 757 1
9 Li 50 10" N, 757 1
10 Li 10 10" N, 757 1
11 Li 10 10" N, 757 1
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Table 4.2.1. Thermal annealing conditions.

Temperature Flow rate Period
(°C) Atmosphere (#/min. ) (min, )
451 N, 40 5
451 N, 4.0 30
557 N, 4.0 5
557 N, 4.0 30
657 N, 4.0 : 5
657 N, 4.0 30
757 N, 40 5
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Table 4.2.2. Ion implantation and annealing conditions.

Ion implantation conditions :

Annealing conditions

Accelera-
tion Dose
energy density Tempera-
E, N, Atmo- ture Period
No. Species  (keV) (cm™?) sphere (*C) (min, )
12 Na 50 10'2 N, 557 5
13 Na 50 10" N 557 5

N
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Fig.4.1.1. PL spectra of an as-grown ZnSe heteroepilayer without

ion implantation measured at 300 and 77 K.
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Fig.4.1.2. PL spectra at 77 K of ZnSe heteroepilayers annealed at

various temperatures without ion implantation.
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Fig.4.1.3. PL spectra (near the band-edge region) at 4.2 K of

ZnSe heteroepilayers annealed at various

without ion implantation.
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Fig. 4.1.4. PL spectra at 77 K of ZnSe eplilayers annealed at

various temperatures after jon implantation.
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Fig.4.1.5. PL spectra at 4.2 K of ZnSe heteroepilayers annealed

at various temperatures after ion implantation.
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Fig.4.1.8. PL spectra at 300 K of Li~doped ZnSe heteroepilayers
implanted at an E, of 200 keV with various Ng (1012—

101° cm_z), which were subjected to post-implant

thermal annealing.
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Fig.4.1.8. Calculation result of depth profile of Li impurities

in ZnSe epilayers without annealing after Li* ion
implantation with an Ny of 1014 cm™2 at E, of 10,

50 and 200 keV according to LSS theory.
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Fig.4.1.9. PL spectra at 300 K of Li-doped ZnSe heteroepilayers
implanted at an E, of 50 keV with various Ng (1011—

101® cm'z), which were subjected to post-implant

annealing.
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Fig.4.1.10. PL spectra at 300 K of Li-doped ZnSe heteroepilayers
implanted at an Ea of 10 keV with various Nd (1012,
1014 cm—z), which were subjected to post-implant

annealing.
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Fig.4.1.11. Dependence of Nd.on the absolute PL intensities at
300 K of both BE and SA emissions in Li*- and Na*-
implanted epilayers, which were subjected to post-

implant thermal annealing.
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Fig.4.1.12. PL spectra at 77 K of Li-doped ZnSe heteroepilayers
implanted at an Ea of 200 keV with various Nd
(1012—1015 cm"2), which were subjected to post-

implant thermal annealing.
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Fig.4.1.13. PL spectra at 77 Kvof Li-doped ZnSe heteroepilayers
implanted at an E, of 50 keV with various Ng (1011—
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cm , which were subjected to post-implant

annealing.
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Fig.4.1.14. PL spectra at 77 K of Li-doped ZnSe heteroepilayers
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Fig.4.1.15. Dependence of Ng at E, of 10, 50 and 200
keV on the absolute PL intensities of BE, FA and SA
emissions in Li+—implahted epilayers, which were
subjected to post-implant thermal annealing.
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Fig.4.1.16. PL spectra at 4.2 K of Li-doped ZnSe heteroepilayers
implanted at an E; of 200 keV with various Ng (1012—
1015 cm—z), which were subjected to post-implant

thermal annealing.

231 -



PHOTOLUMINESCENCE (a.u.)

Fig.4.1.17.

x 2 Ll
50keV,10' ' cm >

DA(LD

1
2.765eV

1 1 1 1 1

a,

2K

446 452 - 458 464
WAVELENGTH (nm)

PL spectra at 4.2 K of Li-doped ZnSe heteroepilayers

implanted at an Ea of 50 keV with various Nd (1011—

1015 cm_z), which were

annealing.
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Fig.4.1.18. PL spectra at 4.2 K of Li-doped ZnSe heteroepilayers
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Fig.4.2.1. Dependence- on Ty of the PL spectra at 300 K.
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Fig.4.2.5. Dependence on t of the PL spectra at 77 K of
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238



>
[ J

=
-z
Q-r
kel
o~

4.2 K

§57°C,5 min,

PHOTOLUMINESCENCE (a.u.)

2.7828 eV

451°C,30 min.

440 446 452 458

464 470

WAVELENGTH (nm)

Fig.4.2.6. PL spectra at 4.2 K near the band-edge region of Na*-

implanted ZnSe epilayers in near

(440-470 nm) .
(a) T¢=451 °C, t=30 min.

(b) T=557 °C, t=5 min.

239

band-edge

region
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PL. spectra at 300 K of Na~dopéd ZnSe heteroepilayers
implanted at an E, of 50 keV with various Ng
(1012, 1014 cm_z), which were subjected to

post-implant thermal annealing.
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PL. spectra at 77 K of Na-doped ZnSe heteroepilayers
implanted at an E, of 50 keV with various Ny
(1012, 1014 cm"z), which were subjected to

post-implant thermal annealing.
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PL spectrum at 300 K of Li-doped ZnSe homoepilayers
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Fig.4.3.2. PL spectra at 77 K of Li-doped ZnSe homo- and
heteroepilayers implanted at an Eq of 50 keV with an
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Fig.4.3.3. PL spectrum at 4.2 K near the band—édge region of Li-

- doped ZnSe homoepilayers implanted at an E, of 50 keV

with an Ngq of 1014 cm"z, which were subjected to

post-implant thermal annealing.
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Fig.4.4.3. PL spectra at 300 K of the I*-implanted (50 kev, 1012
cm"z) ZnSe epilayer after various post-annealing

(400-600 °C, 30 min.).
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Fig.4.4.4. PL spectra at 77 K of the I*-implanted (50 keV, 1012
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5. Crystalline quality of ZnSe epilayers grown on Li*-

implanted ZnSe heteroepilayers

In order to fabricate the B-LED, pn junction should be
formed. When ion implantation is applied as p-type doping tech-
nique, therefore, n-type ZnSe epilayers should be grown on the
Li*—implanted epilayers again. The pfoperty of B-LED will be much
dependent on the crystalline quality of these p- and n-type ZnSe
epilayers.

The crystalline quality of ZnSe epilayers {(over-epilayers) on
.‘top of Li*-implanted ZnSe epilayers grown by atmospheric pressufe
MOVPE is mainly governed by the radiation and annealing damage.
The same of the over-epilayers will also be much reléted to the
property of the B-LED. Usually the over-epilayer is n-type ZnSe
epilayer for the B-LED, but it will be held by undoped ZnSe
epilayer to investigate the crystalline quality in detail. Only
in the next section, we will discuss the crystalline quality of
n-type 7ZnSe epilayer.

The PL intensity of the BE emission (461 nm) at 300 K is af-
fected by the radiation damage remaining in the implanted epilay-
ers. The radiation damage affects the PL properties of the over-
epilayers. It is suggested that the non-radiative centers propa-
gate into the over—epilayers.'The radiation damagevcannot be
removed completely by annealing under Hy or Nzlatmosphere alone,
and.the crystalline quality is worsened still by annealing ét
high temperature. Since the annealing in an atmosphere containing

Zn or Se vapor restores the PL pfoperties at 300 K, of an over-
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epilayer substantially to that of an as-grown epilayer, it is
suggested that the non-radiative centers are related to native

defects, particularly Zn vacancies.

' 5-1. Crystalline quality of undoped ZnSe epilayers

grown on Li*-implanted ZnSe heteroepilayers

The preparation of p-type ZnSe, which is expected to be one
of the most suitable materials for the B-LED, has frequently been
reported [18,96,108-110]. There remain, however, still a lot of
difficulties before p-type ZnSe with both high reliability [109]
and high hole concentration [110] is achieved. It was stated in
chapter 3 that ZnSe epilayers grown at 250°C had a high thermal
stability and the crystalline quality was not thermally degraded
up to 700°C [91]. There arose a strong possibility of increasing
the doping rate of acceptors in ZnSe (for example, by annealing
at high temperature after ion implantation, etc.) while maintain-
ing the high reliability of the devices. LLi or Na impurity was
doped into ZnSe epilayers by 1ion implantation [83,111] and the
possibility of achieving p-type ZnSe by annealing in Hz or N2
atmosphere at high temberature was 1investigated. Moreover, we
observed strong I;(Li) and DA pair emissions in PL at 4.2 K, the
FA and BE emissions at 77 K, and the BE and unknown emissions
(probably FA emissionj at 300 K. For the next stage, it became
important to grow ZnSe over-epilayers with high crystalline

quality on the Li*-implanted ZnSe in order to fabricate a B-LED.
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The purpose of the preseht paper is to investigate the ef-
fects of damage left in the Li*-implanted epilayers on the crys-
talline quality of the over-epilayers and to find an effective
annealing method of removing the radiation’damagé completely.

Firstly, ZnSe epilayers were grown at 250°C at an atmospheric
pressure for 1 h on (100)-oriented GaAs substrates, using DMZ and
HySe as source gases. The [Sel/[Zn] was 20. With these growth
conditions,. fhe epilayer thickness was about 4 ygm. Thereafter,
Li* ions weré‘implanted into the ZﬁSe epilayers with Nd of 1013
or 1014 ¢n™? at an acceleration energy of 200 keV. Moreover, the
implanted epilayers were annealed at 550-757°C in various atmos-
pheres (Hg(4 1/min.), No(4 1/min.), Hg(2 1/min.)+HySe (4.6X
10"4mol/min.) or Hy(2 1/min.)+DMZ(11.5x10 ®mol/min.).) for 5-180
min. Finaliy, undoped ZnSe over-epilayers were.grown on top of
the annealed epilayers for 10 min. The thickness of the over-
epilayers was about 0.5 pm.

Figure 5.1.1 shows the PL spectra at 300 K of the Li*-im-
plahted (200 keV, 1014 cm_z) epilayers after annealing at Various
Tt in N2 atmosphere. From an epilayer annealed at 451 ©C, very
weak BE and SA emissions are observed at 2.689 and 2.15 eV, re-
spectively. As Tt is increased, the BE-PL intensity increases
abruptly while the SA-PL intensity remains unchanged. This is
indicative of the recovery by annealing the crystal whose quality
has been degraded by radiation damage. Figure 5.1.2 showé the PL
spectra at 300 K of Li*-implanted (200 keV, 1013-1014 cm"z)
epilayers after annealing at 65760 in Nz atmosphere and of un-

doped over-epilayers on such Li+—implanted ZnSe. The BE-PL inten-
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sity of the annealed Li*-implanted ZnSe is almost the same as
that of an as-grown epilayer irrespective of Nd. It is concluded
that most of the radiation damage is eliminated. Nevertheless,
the PL property of an over-epilayer is much affected by Ng» since
no PL emissions are observed from over—epilayérs on implanted
epilayers with an‘Nd of 1014 cm_z. Thus the PL intensity of the
over-epilayer decreases drastically as Nd increases. It appears
that the radiafion damage 1s not recovered completely even at
1013 e¢m™2. The non—radiative centers are related to the radiation
damage near the surface of the Li*-implanted epilayers and propa-
gate into the over-epilayers.

Figure 5.1.3 shows the PL spectra at 300 K of fhe over-epi-
layers grown after annealing under various atmospheres for an Nd
of 1014 cm'z. The period of annealing is one of the important
parameters for recovering the radiation damage. Also when Tt is
increased to 700°C in Hz athsphere, the PL intensity decreases
and the emission finally disappears. The crystalline quality of
the Li*-implanted epilayer is degraded not only by the radiation
damage, but also by the annealing in H2 atmosphere. As a result,
the crystalline quality of_fhe over—epilayers_is also degraded.
The annealing in an atmosphere containing Zn vapor maintains a
very high crystalline quality of the over-epilayers. It is true
that annealing in an atmosphere with Se vapor is more effective
than that in H, atmosphere without Se vapor, but it is not as
effective as that with Zn vapor (see.Fig.5.1.3.). Thus it is
essential to anneal the Li*-implanted epilayers in an atmosphere

containing Zn vapor for full recovery of the radiation damage.
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The non-radiative centers generated by the ion implantation must
be closely related to native defects, particularly Zn vacancies.
Figure 5.1.4 shows the surface morphologies of the over-epilayers
after the various annealing treatments (Tt=700°C, t=3 h, only Ho
or H2+DMZ.). The surface morphology of the over-epilayer after
annealing in H, atmosphere only becomgs very hazy, which is quite
different from the effects of annealing in H2 atmosphere includ-
ing Zn vapor. The Hg atmosphere degrades the crystalline quality
by generating the native defects.

Next we now discuss the PL property at 77 K in order to
examine the degraded crystalline quality and the species of the
impurities in the epilayers. Figure 5.1.5 shows the PL spectra at
7j K of the over-epilayers following the various annealing condi-
tions. The total PL intensity is about 10-20 times as weak as
that of an as-grown ZnSe epilayer. The BE, Y (it is assigned to
be associated with an exciton bound to some dislocations.) and SA
emissions are observed at 2.785, 2.597 and 2.27 eV, respectively.
As Tt is 1increased from 550 to 700°C, the BE-PL intensity de-
creases and Y emission liné is broadened. Figure 5.1.5 also shows
that the crystalline quality is degraded by the annealing at
700°C. The crystalline quality is indeed damaged by the annealing
in No atmosphere at 757 ©C rather than by the radiation damage.
But the radiation damage after annealing 1n'N2 atmosphere at
757°C is less than that in Ho atmosphere. On the other hand, the
over-epilayer after annealing in the atmosphere containing Zn
vapor has almost the same PL spectrum as an as-grown epilayer

with a low density of defects. As suggested by the PL results at
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300 K, the non-radiative centers generated by the ion implanta-
tion can be effectively prevented by controlling the annealing
atmosphere. Figure 5.1.6 shows the PL spectra at 4.2 K in the
near band-edge region of the over-epilayers after various anneal-

ing conditions. After annealing at 550°C, E, and Iy are hardly

X
observed but an unknown emission appears at 2.7165 eV. In the
over-epilayer annealed at 600°C in an atmosphere containing Zn
vapor, sharp Ey, Iy and Il(Li) 1inés are observed at 2.8013,
2.7966, and 2.7915 eV, respectively, similar to the PL spectrum
of an as-grown epilayer with a low density of defects and impuri-
ties. When T is increased from 600 to 700°C, Ex disappears and
only IX is seen. When the atmosphere containing Se vapor is used
for the annealing, however, both E; and Iy are observed with a
broad 1line shape. These results indicate that the crystalline
quality starts to be degraded by the annealing at 700°C. The un-
known emission at 2.7165 eV 1is also seen in the over-epilayers
annealed at 700 °C.

The crystalline quality of the over-epilayer grown again is
well maintained by controlling the atmosphere during the anneal-
ing and it is confirmed that Li impurity is not diffusing into
the over-epilayer at a growth temperature of 250 O°C from the
highly Li*-implanted ZnSe'epilayer. It is concluded that the high
diffusion fate of Li atoms in ZnSe causes little problem to grow
the over-epilayer with'high'crystalline quality at 250 OC when
fabricating the ZnSe B-LED. B

In summary, the crystalline quality of the over-epilayer is

related to that of the underlying Li*-implanted epilayer, and
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would be determined by the radiation as well as annealing damage.
The non-radiative centers introduced by the damage propagate from
the Li*-implanted epilayer into the over-epilayer. The radiation
damage canpot be removed completely by annealing in H2 or Nz
atmosphere.alone, and the degraded crystalline quality is wors-
ened by annealing at high temperatures. Annealing in an atmos-
phere containing Zn vapor restores the crystalline quality of Li-
doped epilayérs effectively and prevents the propagation of the
damage into. the over-epilayer. The non-radiative centers induced
by the damage are related to native defects, particularly Zn
vacancies.

It thus becomes possible to grow ZnSe over-epilayers at 250
OCc with high crystalline quality on the Li*-implanted ZnSe in
order to fabricate a B-LED, since the Li impurity has been found
not to diffuée into the over-epilayer from the Li*-implanted epi-

layer.

5-2. Crystalline quality of n-type ZnSe epilayer on

implanted epilayer

In this section, we discuss the relation between the crystal-
line quality of the n-type over-epilayer and the property of the
B-LED. The crystalline quality of n-type ZnSe over-epilayers on
the top of Li*-implanted ZnSe epilayers is mainly governed by the
radiation and annealing damage. The crystalline quality of the

over-epilayers is thus much related to the property of the B-LED.
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Conversely, it is expected that the property of the B-LED is
monitored by the crystalline quality of the n-type over-epilayer

and improved.

5-2-1. Structure and characteristics of ZnSe B-LED

In order to fabricate the ZnSe B-LED, a device structure with
pn junction should be grown at first. The device structure with

pn junction is twofold. Both npp and pnn types of ZnSe B-LED are

” 1" "

considered. Here the notation "npp" or "pnn" shows the type of
electrical property in the order from the side of the top of the
epilayer to the substrate.

When the ion implantation as p-type doping technique is
utilized, the n-type ZnSe epilayer is grown on Li*~-implanted ZnSe
epilayer again and the device structure with pn junction is
formed.

Figure 5.2.1 shows the illustration of npp type of device
structure. The special merits of the striucture are that the
activation rate of acceptors is heightened because it is possible
to anneal the Li*-implanted epilayer at high temperatures, and
that it has a good ohmic electrode to n-type ZnSe (Au/Cr or In).
On the other hand, the demerits are the contamination at pn
interface by exposing Lif—implanted epilayer to the air and the
deterioration of the crystalline quality of n-type ZnSe epilayer

generated from the radiation damage in the Li*-implanted epilay-

er. Also when the thickness of the Li*-implanted ZnSe epilayer is
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large, the concentration of the diffused L1 atoms is low in the
epilayer, particularly near the interface between the epilayer
and the substrate. Let us discuss merits and demerits of pnn type
device structure.

Figure 5.2.2 shows the illusfratioﬁ of pnn type of device
structure. After the n-type and undoped ZnSe epilayers are se-
quentially gfown on n—type GaAs substrate in the order of the
epitaxial gfowth. Thereafter, Li* ions are implanted into the
epilayer with multi structure (inn type of device structure (the
notation "i" shows a insulating (undoped) epilayer.).), annealed
and pnn type of device structure is formed. The special merits
are such that pn interface is clean and a high crystalline quali-
ty is maintained at pn interface, particularly when the n-type

ZnSe epilayer 1is thick. The demerits are that the activation
‘rate of acceptors cannot bé raised, since it is impossiblé to
anneal the Li*-implanted epilayer at high temperatures because of
the high diffusion rate of Li impurities, and that it is hard to
- have a good ohmic electrode to p-type ZnSe (Au?). Since the
activation rate of acceptors is a key factor, we focus our atten-
tion to the npp type of device structure and discuss the charac-
teristics of ZnSe B-LED with npp junction.

In npp type of device structure, the undoped ZnSe epilayers
are grown at 250 ©C at an atmospheric pressure for 0.5 h on
(100)-oriented p-type GaAs substrates, using DMZ and HZSe as
sburce gases and [Sel/[Zn] of 20. Li* ions are implanted at the
acceleration energies of 50 and 200 keV and the dose densities of

1013—1015 cm“z. Subsequently, the Li*-implanted ZnSe epilayers
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are annealed at various Ty (600-800 °c), t (0.5-10 min.) and
atmospheres of (Hy(4 1/min.), N2(4 1/min.), Hy(2 1/min. ) +DMZ
(11.5X10—6m01/m1n.).). With these growth conditions, the epilayer
thickness was about 2 uzm. Moreover, the Li*-implanted ZnSe
epilayers with the post—anhealing were treated thermally at 600
OC for 10 minutes under H2 atmosphere including Zn vapor in order
to remove the oxide layer and contaminants on them. Finally, n-
type ZnSe over-epilayers (1x1018 cm’3) were grown on the top bf
the annealed epilayers for 5-10 min. The thickness of the n-type
over-epilayers was about 0.5 ym. The n*-type ZnSe epilayer
(1x1019 em™3, 0.05 zm) is grown on n-type ZnSe epilayer in se-
quence in order to improve the ohmic contact with the‘electrode.
Au/Cr and Au/Zn electrodes are formed for n-type ZnSe and p-type
GaAs, respectively. The annealing for ohmic contact is done at
250 ©°C for 1 min.

Figure 5.2.3 shows the PL spectra at 300 K of the n-type

1019 2 and 50

over-epilayers on the Lit-implanted (200 keV, cm
keV, 1019 cm'z) epilayers after annealing at a T; of 800 °C for
0.5 min in No atmosphere. The BE-PL intensity of the over-epilay-
ers with thé ion implantation is very weak and the crystalline
quality is not so good. The degradation of the crystalline quali-
ty of Li*-implanted epilqyers propagates into the over-epilayer.
Since it is shown at 77-K that FA emission with strong intensity
is dominant and SA emissions are not seen from Li*-implanted ZnSe
epilayers, the crystalline quality of the Li*-implanted ZnSe is
not degraded seeming1y5 As seen in Fig.5.2.8., the crystalline

quality of over-epilayers 1is very sensitive to that of the Lit-
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implanted ZnSe epilayers. Next we discuss the effects of crystal-
line quality of the n-type over-epilayer on properties (I-V and
EL properties) of the B-LED.

Figure 5.2.4 shows PL spectra at 300 K, 14 K and EL spectrum
at 16 K of the B-LED (n-type ZnSe/Li*-implanted ZnSe; 50 keV and
1015 cm”z; 800 °C, 0.5min.). The_EL spectrum is measured at 40 V
and 2 mA. The PL and EL spectra show the dominant SA emissions
and the ELAproperty almost coincides with the PL property. The EL
emission is weak yellow light at 300 K. Thus, the EL property is
monitored by the PL property. It is shown that the crystalline
quality of the over-epilayer is much related to the EL property.
As discussed already, the crystalline quality of the implanted
epilayer'succeeds to the crystalline quality of the over-epilay-
er. It is strongly suggested that the crystalline quality of the
implanted epilayers, rather than the crystalline quality of the
over—epilayer, determines the final EL properfy. Actually, the BE
emission is observed with weak intensity in the PL spectra, while
not in the EL spectrum. The EL intensity is about ten times as
weak as the PL intensity. The PL spectrum of the B-LED is emis-
sion only from the n-type ZnSe epilayer. On the other hand, the
EL spectrum of the B-LED is thought to be emission from the
region near thé pn junction, mainly implanted epilayer, consider-
ing the relation betweenbthe carrier concentration and the diffu-
sion length of carriers. The PL property does not always coincide
with the EL property. It is suggested that the.crystalline quali-
ty of n- and p-type ZnSe epilayers near the pn junction is much

related to the EL property. Also it is supported from the fact

265



that the EL property is worse than the PL property because the EL
property is determined by the crystalline quality of the implant-
ed epilayer, that degrades the crystalline quality of the over-
epilayer so much.

Figure 5.2.5 shows I-V property of the B-LED (n-type ZnSe/Li*-
implanted ZnSe; 50 keV and 1019 cm‘z; 800 ©C, 0.5 min.). The
threshold voltage of an ideal B-LED is about 2 V. However, the
threshold voltage of the fabricated B-LED is about 30 V. The
break down voltage in the reverse bias is 80 V.

Figure 5.2.6 shows the relation between the breakdown voltage
and hole carrier concentration. Considering the epilayer thick-
nesé, the hole carrier concentration is about 101% c¢m™3. The hole
carrier concentratiohs of the implanted epilayers of the other B-
LED are about 1015—1016 cm'3.>These values are also confirmed by
C-V measurement.

Figure 5.2.7 shows the dependence of Nz on the threshold
voltage toward the forward of the B-LED. As Ny Iincreases, the
threshold voltage increases. Particularly, when Nd is 1015 cm'z,
it increases abruptly. The cfystalline quality degraded by the
radiation damage probably worsens the crystalliﬁe quality near
the pn interface and increases the threshold voltage.

We finally discuss the improvement of the proﬁérties of the
B-LED by optimizing the annealing conditions as discussed in sec-
tion 5-1. We have seen that the crystalline quality of the over-
epilayers is drastically improved by annealing the implanted
epilayers under the Hé atmosphere including DMZ (11.5)(10"6

mol/min.). Figure 5.2.8 shows the PL spectra at 300 K of the n-
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type ZnSe over-epilayers on the Li*-implanted (200 keV, 1013

cm_z; 200 keV, 1014 cm—z) epilayers after annealing at various T¢
600-700 °C for 5-10 minutes in H2 atmosphere including DMZ‘
(11.5){10'6 mol/min.). The total PL intensity of the over-epilayer
(200 kev, 1014 c¢m™2; 700 ©C, 1 min.) is about 10 times as weak as
those of others. The SA-PL intensity is intense. It indicates the
degradation of the crystalline quality by the radiation damage.
However, by 1ntroducing Zn vapor in fhe atmosphere, the crystal-
line quality of the over-epilayers is maintained as high as that
of n-type ZnSe epilayer doped through the vapor phase. Tt is held
600-650 °C so as not to degrade the crystalline quality by the
annealing. The threshold forward voltage is 15-18 V and the
breakdown voltage is still higher (32-44 V). It is shown that T¢
is not high enough to activate the acceptors for maintaining the
crystalline quality. However, the B-LED emits blue light at 77 K
(Fig.5.2.9.), but does not emit at 300 K. Because the crystalline
quality of both over-epilayer and implantéd epilayers at pn
interface 1is improved by optimizing the annealing <¢onditions,
though the problem of the low activation rate of the acceptors in-
the implanted epilayer is left. The fact that no EL emissions
were observed at 300 K indicates that the activation rate of the
acceptors in the implanted epilayer is too low. It is therefore
suggested that the activation rate of the acceptors should be
raised in order to emit the blue light at 300 K. Also, it is
suggested that the crystalline quality of the Li+—implahted and
n-type epilayers near the pn interface is not yet maintained high

by the annealing condition.
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5-2-2. Contrivance on device structure of ZnSe B-LED

Let us see now how the device structure is devised to emit
the blue light at 300 K from the B-LED. The important points are
to heighten the activation rate of the acceptors and to maintain
the crystalline quality of the epilayer high at pn interface. As
discussed in section 5-2-1, the npp type of the device structuré
has demerit of pn junction being exposed to the air. It would
obviously dégrade the crystalline quality at pn interface and the
EL property. When the ion implantation is utilized as p-type
doping technique in the npp type of device structure, the contam-
ination at pn junction by the exposure to air is not necessary
inevitable. Therefore, a new.device structure should be proposed
to emit the blue 1light at 300 K if the npp type of device struc-
ture is adopted to increase the activation rate of acceptors.

We now propose the B-LED with a new device structure here
(see Fig.5.2.10.). The characteristics are such that an undoped
ZnSe buffer epilayer.is inserted between Li*-implanted epilayer
and n-type ZnSe epilayer. Namely, the undoped ZnSe buffer epilay-
er is grown on the Li*-implanted epilayer again and annealed at
high temperature for a long period (600 Oc, 3h) in the reactor
sequentially. By the annealing, Li impurities diffuse into an
undoped ZnSe epilayer énd the Li-diffused epilayer is considered
as new interface of p-type ZnSe. Thereafter the n—type ZnSe
epilayer is grown again on the Li-diffused epilayer in the epi-
taxial growth. The process has three special merits that a new pn

junction 1is formed in the reactor, the crystalline quality is
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maintained high by inserting the Li-diffused ZnSe epilayer with
high crystalline quality, and the damaged region is much far away
from the new pn junction together with the special merits of pnn-
type of device structure. One should be aware of the two possible
demerits: it is feared that 1) the activation rate of Li accep-
- tors would become too low because of the high diffusion rate of
LLi atoms in an undoped ZnSe epilayer and 2) the annealing for a
long time may degrade the crystalline quality of both the dif-
fused- and over-epilayers. We call the new device structure the
"nipp-type" here (the notation "i" shoWs a insulating (undoped)
epilayer diffused by Li atoms.).-

Figure 5.2.10 shows the illustration of nipb—type of device
structure. The fabrication process of the new nipp-type of device
ﬁsed in this experiment will be stated. An undoped ZnSe epilayer
is grown at 250 ©C and a [Se]/[Zn] of 20 on the p-type GaAs sub-
strate with. an epilayer thickness of 2 um. The Li* ion implanta-
tion in 3 steps (200, 50 and 10 keV; 3.3x1013 cm_z) or 2 steps
(200 keV, 1014 cm_2 and 50 keV, 6x1013 cm;z) is performed into
the undoped ZnSe epilayer to make the depth profile of Li atoms
uniform in the epilayer. An undoped ZnSe epilayer is grown at 250
OC on Li*-implanted epilayer again with an epilayer thickness of
1 tm, following the procedure of the pretreatment for re-growth
as discussed in section 5-2-1. After growth, the epilayer‘is an-
nealed at 600 °C for 3 h under the H2 atmosphere including DMZ
(11.5)(10_6 mol/min.) in order to diffuse Li impurity into the
undoped ZnSe epilayer and to increase the activation rate of Li

acceptors in the reactor. Thus the Li-diffused epilayer is formed
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and, moreover, the n-type ZnSe epilayer is grown on the diffused
epilayer again. The materials and procedures for electrodes are
the same as those of the npp-type of device structure.

Figure 5.2.11 shows the PL spectra at 300 K of the B-LED with
the nipp-type of device structure. Only ion implantation condi-
tions are different; 3 steps and 2 steps as stated above. It
shows that the BE emission is dominant while the SA-PL intensity
is very weak. The crystalline quality of the over-epilayers is
maintained well even by introducing the buffer epilayers despite
the high temperature annealing for a long time. The long time an-
nealing degrades the crystalline quality of neither the diffused-
nor over-epilayers. The visible white light is observed at 300 K
from the B-LED. Figure 5.2.12 shows an EL spectrum at 300 K of
the B-LED (at 2 mA and 10 V). The threshold voltage is 1.3-2 V
and the breakdown Voltage is about 20 V. The activation rate of
the acceptor is effectively increased by the long time annealing.
The dominant peak is the blue spectrum observed at 471 nm and SA‘
emission is also seen with weak intensity. Thus the ELvemission
with blue spectrum is achieved at 300 K. It is concluded that
controlling the crystalline quality of the epilayers (both the
Li-diffused epilayer and n-type over-epilayer) near the pn inter-
face is an important factof for emitting the blue light at 300 K.
The threshold voltage of the emission, however, is still too
high. The crystalline quality should be improved near pn inter-
face between the diffused epilayer and n-type epilayer, though it
is reported that the threshold voltage of the emission of the

npp-type of device structure is essentially high. Now we discuss
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the crystalline quality and the activation rate of the L1 accep-
tor 1level of the Li-diffused epilayer to some detail, which is
the most important point of being related to the EL properties of
the B-LED.

Figure 5.2.13 shows the PL spectrum at 77 K of the Li-dif-
fused epilayer itself béfore fabricating the B-LED with nipp-type
of device structure. The BE, FA, SA and Y emissions are observed.
And the PL intensities of Y and SA emissions are relatively
intense. And the FA-PL intensity is more than ten times as weak
as that of the Li*—impianted epilayer at post-annealing condi-
tions (700 ©C, 5 min.) treated previously in chapter 4. It 1is
clearly shown that the crystalline quality of the Li—diffused
epilayer is not so good, since some concentration of dislocations
are included and the aétivation rate of the Li acceptors is
unexpectedly low. Since the Li-diffused epilayer has dislocations
and other faults, it is suggested that the crystalline quality of
the Li*-implanted epilayers after annealing is much worse than
that of the Li-diffused epilayer.

Thus the B-LED emits the white light with a strong blue speé-
trum at 300 K despite the poor crystalline quality of the epilay-
er near the pn junction. It is hopeful to develop the B-LED with
high efficiency, if the crystalline quality is improved still

more.
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Fig.5.1.1. PL spectra at 300 K of the Li*-implanted (200 keV,

1014 cm'z) epilayers annealed at various temperatures

in N2 atmosphere.

272



m T
m Li-doped ZnSe 300 K

657°C, N,, 5min.

200 keV,10"%cm™2
X 2

2

200 kev,10"cm”

1 1 L 1 I 1

Undoped ZnSe

on Li-doped ZnSe

BE

x 10 200 keV,10"3c¢m 2

PHOTOLUMINESCENCE (a.u.)

-2
200 keV,1014cm

1 1 1 1 1

400 480 560 640 720 800
WAVELENGTH (nm)

Fig.5.1.2. PL spectra at 300 K of the Li*-implanted (200 keV,

1013—1014cm'2) epilayers and the undoped epilayers

on the top of the implanted epilayers.
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Undoped ZnSe 300 K
% on Li-doped ZnSe
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Fig.5.1.3. PL spectra at 300 K of the over-epilayers grown after
the annealing in various atmospheres following a Li*

ion implantation (1014 cm—z).
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Fig.5.1.4.

Surface morphologies of the over-epilayers after
annealing at 700°C for 3 h in (a) Iy or (b) Hy
atmosphere containing Zn vapor.

Undoped ZnSe on Li*-implanted ZnSe.

200 kev, 1014 cm2,

(a) 700°C, Hy, 3 h.

(b) 700°C, Hy+DMZ, 3 h.

Marker represents 10 um.
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Fig.5.1.5. PL spectra at 77 K of the 6ver—epilayers after

annealing at various conditions.

276



Undoped ZnSe 4.2 K
on Li—doped ZnSe 200 keV;Hf4cm—2

Ex
2.8013eV

|

550°C, H,, 3h

2.7966eV -
2.7915eV
i,(LD

2.8050eV
—

600°C, H, +DMZ, 3h

700°C, H, +H, Se, 3h

PHOTOLUMINESCENCE (a.u.)

- 700°C, H; +DMZ, 3h

2.7165eV

Il 1 1 1 1 1

440 446 452 458 464 470
WAVELENGTH (nm)

Fig.5.1.6. PL spectra at 4.2 K in the near band-edge region for

over-epilayers after annealing at vapious conditions.
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npp type of device structure

"Au/Cr electrode

— i n'-ZnSe

— n -ZnSe

— Li —implanted ZnSe

— p—GaAs substrate

— Au/Zn electrode

Fig.5.2.1. Illustration of npp type of device structure.
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pnn type of device structure
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— Li +-implanted ZnSe

— n—ZnSe

___ n—-GaAs substrate

Au/Ge/Ni electrode

Fig.5.2.2, Illustration of pnn type of device structure.
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PL spectra at 300 K of the n-type over-epilayer on
the Li*-implanted (200 keV, 101° c¢m™2 and 50 kev, 101®
cm'z) epilayers after annealing at a T¢ of 800

OCc for 0.5 min in N, atmosphere.
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Fig.5.2.4. PL spectra at 300 K, 14 K and EL spectrum at 16 K of
the B-LED (n-ZnSe/Li-ZnSe; 50 keV and 101° c¢m™2). The

EL spectrum is measured at 40 V and 2 mA.
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Fig.5.2.5. 1-V property of the B-LED (n-ZnSe/Li-ZnSe; 50 keV and

1()15 cm_z).
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Fig.5.2.6.

Relation between the breakdown voltage and hole
carrier concentration. Considering the epilayer
thickness, the hole carrier concentration of Li-doped

ZnSe epilayer in the B-LED is about 1015 cm_3.
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Fig.5.2.7. Dependence of Ny on the forward threshold voltage

of the B-LED.
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Fig.5.2.8.
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PL. spectra at 300 K of the n-type ZnSe over-epilayers

on the Li*-implanted (200 keV, 1013 cm™2; 200 keV,

1014

cm_z) epilayers after annealing at various

T (800-700 °C) for 1-10 min. in H, atmosphere

including DMZ (11.5x107% mol/min.) or only in H,

atmosphere.
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Fig.5.2.9. EL spectrum at 77 K of the B-LED with npp-type of

device structure.
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Fig.5.2.10. Illustration of nipp-type of device structure.
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Fig.5.2.11. PL spectra at 300 K of the B-LED with the nipp-type
of device structure (only ion implantation conditions

are different; 3 steps and 2 steps as stated above.).
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Fig.5.2.12. EL spectrum at 300 K of the B-LED (at 2 mA and 10 V).
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Fig.5.2.13. PL spectrum at 77 K of the diffused epilayer itself
before fabricating the B-LED with nipp-type of device

structure.
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6. Conclusion

The ZnSe B—LED with pn junction has not been fabricated so
far. I have discussed the reason why p-type ZnSe is ﬁot grown 1in
the epitaxial growth and adopted MOVPE to overcome the compensa-
tion effect, since MOVPE could be run at low temperature (250
OC). To obtain a high quality undoped and sﬁbsequently p-type
ZnSe, it is ~ most important to grow the epilayers with high
crystalline quality. The crystallographic property should be
prominent and the residual impurity concentration must be low.
Also, the crystalline quality is closely related to the lattice
mismatching and growth conditions. We have investigated the
effects of growth conditions on the crystalline quality both for
undoped ZnSe heteroepilayers and for homoepilayers with complete
lattice matching.to find the optimum growth conditions. On the
next stage, I have examined the thermal stability of the ZnSe
epilayers grown at low temperatures. It is to apply the post-an-
nealing procedure to ion implantation for p-type doping. It has
been found that the crystalline quality of ZnSe epilayers is
maintained even at 650 °C and still more to 700 °C by introduc-
ing the Zn vapor in the ambience. We have_doped Li and Na impuri-
ties by ion implantation in the ZnSe epilayers and compared Li
acceptor with Na acceptor in ZnSe. The radiation damage is
related to the activation rate of acceptors, generation rate of
SA centers and the crystalline quality. We have further doped Li
impurities into ZnSe homoebilayers by ion implantation and tried

a p-type conversion. Furthermore, Li is superior to Na as p-type

291



-

doping species in ZnSe because of the lightness of the radiation
damage. We have fabricated a ZnSe B-LED with pn junction by
growing n-type ZnSe on Li*-implanted ZnSe and investigated the
relation between the crystalline quality of n-type ZnSe and the
device property. By improving the crystalline quality of n-type
ZnSe, the blue emission is secured at 77 K from the B-LED. Howev-
er, the EL emission has not been observed at 300 K. Thé reason of
the failure is discussed. It is suggested that the crystalline
quality of Li*-implanted ZnSe epilayers near the pn junction is
strongly related to EL property, since the crystailine quality of
the implanted epilayer essentially determine the crystalline
quality of the over-epilayer. The crystalline quality of the
epilayers, accordingly, should be improved near the pn interface.
A fatal part of the device using ion implantation is that pn
interface is exposed to air. The crystalline quality at pn inter-
face 1is thus unavoidably degraded. A new device structure ("nipp-
type") is proposed. That is to interpose undoped ZnSe buffer
epilayer on Li*t-implanted ZnSe beforé growing an n-type ZnSe
epilayer. We utilize the buffer epilayer in diffusing Li impuri-
ties by annealing as a new pnlinterface. Since the pn interface
can'be maintained relatively clean,.the white EL emission con-
tains a dominant blue 1ight emission spectrum at 300 K. It is
thus of vital importance to keep the crystalline quality high
near the pn interface to secure the strong blue light emission
at 300 K.

The crystalline quality of the Li-diffused epilayer near the

pn junction is yet to be improved. It is therefore possible to
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develop the B-LED with high efficiency only by improving the

crystalline quality near the pn interface.
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