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Carrier transport property in the amorphous silicon/amorphous silicon
carbide muitilayer studied by the transient grating technique

K. Hattori, T. Mori, H. Okamoto, and Y. Hamakawa
Faculry of Enginecring Science, Osaka University, Toyonaka, Osake 560, Japan

(Received 18 May 1987; accepted for publication 20 August 1987)

The in-plane diffusion coefficient and lifetime of photogenerated carriers in amorphous silicon
have been measured by the transient grating technique in amorphous silicon (@-$i)/siiicon
carbide {a-8iC) multilayered structures, as a function of the ¢-Si well layer thickness. As the
layer thickness is decreased, the diffusion coefficient gradually decreases, while the lifetime
drastically increases by more than one order of magnitude than that in thick unlayered a-Si.
These behaviors suggest that the carrier transport is determined both by carrier interaction
with shallow traps at ¢-5i/e-8iC interfaces and by guantum-size effect through weakened

carrier coupling with deep states.

Amorphous semiconducticr multilayered structures ex-
hibit several peculiar features, some of which are indicative
of the presence of quantum-size effects although not so clear
as compared in the case of crystalline superiattices. The ef-
fects give rise to a change in the band-edge structure and
raise the ground-state energy of the free carrier, which is
reflected in increases in the optical band gap and electrical
resistivity. ' It is then of great interest to explore how carrier
transport properties are modified by reduced dimensionality
due to the guantum confinement from the viewpoints of ba-
sic physics of a disordered system. Another interesting as-
pect of multilayered structures is the possibility of investi-
gating the effects of interface on carrier transport with
extended detection sensitivity, which maiches the require-
ment from the view of device physics.

in this work we investigate the in-plane carrier trans-
port in hydrogenated amorphous silicon (e-8i:H)/silicon
carbide (2-SiC:H} muitilayered structures of various sub-
layer thicknesses. The transient grating method™® is em-
ployed for this purpose, which enables us to separately deter-
mine the diffusion coefficient D and the hfetime 7 of
photoexcited carriers confined within the o-51:H well layers.
We find that the diffusion coefficient exhibits 2 monotonous
decrease with decreasing ¢-Si:H well layer thickness L,
while the carrier lifetime increases to keep the Dr product
constani for L, >100 A and then shows a drastic increase
for L, <50 A. These phenomena are interpreted as arising
from the combined effect of carrier interaction with shallow
traps at the ¢-Si:H/a-SiC:H interfaces and weakened carrier
coupling with deep states in «-Si:H well layer due to the
guantum-size effect.

The muliifayered siructures were prepared on glass sub-
strates by rf plasma chemical vapor deposition using a 1.9
SiH, /H, gas mixture for the ¢-StH layers and s 1:13:126
SiH, /CH, /H, gas mixture for the a-SiC:H layers. Each lay-
er was formed in separate chambers with interruption on the
plasma. The thicknesses of the sublayers were determined by
the deposition time and the deposition rates for the thick
films. The a-Si:H well layer thickness was varied from 20 to
1000 A while keeping the toial well layer thickness at 3000
5;, and the ¢-SiC:H barrier layer thickness was fixed at 100 A
to avoid interlayer carrier tunneling. The optical band gaps
were 1.75 and 2.80 eV for 2-8i:H and ¢-SiC:H, respectively,
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which were determined from the optical absorption spectra
of identical thick films following the Tauc plot.

In the transient grating method, two excitation light
pulses of wavelength A, separated by an angle 28, are fo-
cused onto the multilayer sample so that they both spatially
and temporally coincide as shown in Fig. 1. The direct ab-
sorption of excitation pulses produces a spatially modulated
carrier density with a periodicity A = A /2 sin . When the
photon energy of excitation light is selected to be an appro-
priate value which situates between both band-gap energies
of sublayers, photocarrier generation predominantly takes
place within the weil layers. Following the generation, the
free-carrier grating decays by in-plane diffusion and recom-
bination in the well layers. The grating decay is monitored by
observing the first-order diffracted light from a probe light of
awavelength A .. The decay time constant (7 /2} of diffract-
ed light is related to the carrier diffusion coefficient D and
lifetime 7 by an equation 1/7 == 1/7 + 4#°D /A*>* There-
fore, the measurement of the time constant 7" at various grat-
ing pitches (i.e., ) allows us to separately determine the
diffusion coefficient D and lifetime .
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FIG. 1. Schematic diagram of the transient grating method. In a multilayer
sample, the transient grating is selectively formed within the well layers.
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The second harmonics {1, = 532 nm) from a @-switch
yttrium aluminum garnet (Q-SW YAG) laser was used as
the excitation light pulse, and the puise width (FWHM) and
excitation power were approximately 8 ns and 1 MW/cm?,
respectively. The photon energy of the excitation lightis 2.33
eV, at which the absorption coefficient of 2-SiC:H of 2.80 eV
band gap is more than two orders of magnitude smaller than
that of a-Si:H of 1.75 eV band gap so that photocarrier gener-
ation is entirely negligible in the ¢-SiC:H barrier layers. The
light from a He-Nelaser (A, = 632.8 nm) with a duration of
& ms and an intensity of 1 W/cm?® was directed onto the
sample to probe the transient grating. The diffracted probe
light was observed by a photomultiplier and a transient digi-
tizer.

The diffusion coeflicient D and the lifetime 7 are deter-
mined from the linear relation between the measured value
of 1/ T and 47%/ A% The resulis obtained for the multilayered
structures are summarized in Fig. 2(a), as a function of the
well layer thickness L, . Corresponding guantities of an un-
layered thick (bulk) 2-8i:H film are also shown for compari-
son. It is found that the lifetime in the multilayered structure
of L, = 1000 A is slightly smaller than that in the bulk
material, while the diffusion coefficient is almost identical in
each specimen. In multilayered structures, the interface is
considered to be highly disordered due to the morphological
and compositional fluctuation so that localized states of
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FIG. 2. (a) Diffusion coefficient D and lifetime 7 and (b) diffusion length
(Dr)'7? as a function of the -Si:H well layer thickness. Solid lines are theo-
retical plots calculated by taking account of the shallow-trapping effect at
a-S1:H/a-SiC:H interfaces.
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large density would exist at this region. The observation,
however, indicates that the @-Si:H/ae-SiC:H interface in-
volves only a small number of defects which play a signifi-
cant role in determining carrier transport as deep-trapping
centers.

When decreasing the thickness of the well layer from
1000 to 20 A, the diffusion coefficient gradually decreases
from 1.2 X 1072 to 2.6 X 10~ ? cm?/s, while the lifetime re-
markably increases from 0.7 to 40 ges. Figure 2(b) shows the
variation of the diffusion length (P27)'?, which is almost
unchanged and kept at 0.8 gm in the region from 10G to 1600
A. With decreasing L ,, below 50 A, ftincreases up to 3.2 um
due to the increase in the lifetime. In the region where
(D)7 is almost constant, it is likely that shallow-trapping
effects mainly dominate the carrier transport. Suppose that
such shallow traps originate from disordering at the inter-
faces and locate within a narrow region of the interface.
Then, according to the irap-controiled tramsport model
which includes carrier interaction with the shallow states,’
both the transport parameters 2 and 7 are expected to follow
the relations

Dg———;D-ﬁ——m, (1)
1+ B8N, /Ly
=11+ BN /Ly, {2}

where N, (cm ™ %) denotes the density of shallow traps at the
wnterface and 5 is a coefficient which is inversely proportion-
al to the effective density of states Ny (~ 10" cm )% in the
extended band. I, and 7, are the relevant quantities inher-
ent in the weil layer. The above equations hold well, as long
as carrier transport in each well layer is isolated from that in
neighboring sublayers and the well layer thickness is consid-
erably smaller than the carrier diffusion length. It is suggest-
ed that the effect of shallow traps at the interface is apparent-
Iy equivalent to that of shallow traps uniformly distributed
in the well layer with the density ¥, /L. Asindicated by the
solid lines in Fig. 2, Eqgs. (1) and (2) give reasonable fits to
experimental data by using a parameter ¥, = 10 "% cm,
except for the lifetime data in the thin well layer region (L,
<50 A). Since the 8N ; product should be larger than unity,
the density &, is estimated to be 10" em ™ ? at maxirnum.
The classical shallow-trap model can satisfactorily ex-
plain layer-thickness dependences of the carrier diffusion co-
efficient and lifetime in the moderately thick well layer re-
gion. Another concern of our discussion is then placed on the
implication of the increase in the carrier lifetime observed in
the thickness range L ;- <50 A. The recent extensive work on
the opticai and electrical properties of layered amorphous
semiconductors has led to a conclusion that quantum-size
effects become important in such a thin layer region.>™8
Quantum confinement in a sufficiently deep square po-
tential well raises the ground-state energy of free carrier by a
factor proportional to 1/L %, if the coherence of the wave
function is larger than L. This effect is reflected in an in-
crease in the optical band gap with 2 linear dependence on
1/4 %, which is confirmed for the present multilayer system
as shown in Fig. 3(b). Besides such behavior of the optical
band gap, Tiedje et a/."? cbserved an increase in the in-plane
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FIG. 3. (a) Carrier lifetime 7, and {b) optical band gap as a function of the
factor of quantum confinement /L %.. The lifetime 7, is derived from mea-
sured lifetime according to the equation inserted in the figure. Sclid lines are
theoretical plots calculated on the basis of the quantum well model.

resistivity, and found that the increase is also well interpret-
ed on the basis of the guantum well model. This finding sug-
gests that the mobility edge shifis higher due to the quantum
confinrement, and is not largely influenced by the localiza-
tion effect induced by reduced dimensionality.” Our direct
measurement of the diffusion coeflicient indicates that the
locaklization effect is actually negligible in the thickness re-
gion L, <50 A, where the free carrier becomes two dimen-
sional due to quantum confinement.

The shift of the mobility edge toward the higher energy
brings about an increase in the energy separation between
the transport state and the deep state involved ir: the carrier-
capture process. If the rmultiphonon emission process domi-
nates the carrier capture into the deep states, the capture
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probability, and thereby, the lifetime 7, should be deter-
mined by the multiphcnon rate which exponentially de-
pends on the energy released in the capture process.!®?
Therefore, we expect that the lifetime 7, depends exponen-
tially cn the extent of the band-edge shift, thatis, 1/L %.. To
contfirm: this, we plot the logarithm of the lifetime 7, as a
function of 1/L% in Fig. 3(a). The excellent linearity
between In(7, ) and 1/L %, found in this figure indicates the
plausibility of the model described above.

In conclusion, we have performed a direct measurement
of carrier transport properties in the g-8i:H/6-8iC:H multi-
layered structure. Localized states at the @-Si:H/¢-SiC:H in-
terface play an important role in determining paralle} carrier
transport mainly as the shallow traps. The effect results in,
when decreasing the well layer thickness, a decrease in the
diffusion coefficient and an increase in the lifetime, while
keeping their product unchanged. When carriers are con-
fined within narrower well layers of thickness below 50 ,5;,
the reduced dimensionality due to guantum counfinement
gives rise to a weakened carrier coupling with deep-trapping
centers so that the carrier lifetime drastically increases by
about one order of magnitude as compared with that of three
dimensions. At such a thin thickness range, where carriers

hecome two dimensional, the diffusion coefficient remains at
a finite value contrary to the theory of localization in the

two-dimensional disordered system.
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