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Gap-state distribution in evaporated a-Si without and with posthydrogenation
using space-charge-limited-current method
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The gap-state distribution of evaporated a-Si is studied by space-charge-limited-current method in
the sandwich structure. A predominant peak in the gap-state distribution positioned at E,—0.52 eV
is found in annealed evaporated a-Si. This peak is supposed to arise from dangling bonds. After
posthydrogenation, the gap-state density is found to be Aat from below midgap up to E,—0.3 eV,
after which the gap-state density begins to rise exponentially towards E,. Posthydrogenation has re-
moved the gap states at F.,—0.52 eV.

I. INTRODUCTION

Although the amorphous state does not have a long-
range order, it can still contain defects. Such defects may
manifest themselves as traps in the mobility gap, thus in-
fluencing the electronic properties of an amorphous semi-
conductor. The important influence of defects in amor-
phous semiconductors has now been generally recognized.
Many experiments involving both static and dynamic
methods have been designed to probe the gap states.
Spear and co-workers' studied glow-discharge (GD) a
Si-H samples and evaporated a-Si films using field-effect
technique. For GD samples they reported that the gap-
state distribution shows a minimum at midgap together
with peaks lying at about 0.4 eV below conduction mobili-
ty edge E, and at about 0.4 eV above valence mobility
edge E„. They suggested that the peaks may be identified
with energy levels of a divacancy. In the case of the eva-
porated a-Si samples, they were only able to give a lower
limit to the gap state density g(E) of about 4&102o
cm eV '. Later reports using different techniques,
such as capacitance-voltage measurements, deep-level
transient spectroscopy (DLTS), space-charge-limited-
current (SCLC) method, ' and other methods give con-
flicting results for GD a-Si-H samples. Field-effect ex-
periments usually give a higher value for g(E), which
may be due to the influence of surface states. Some did
not observe structure in the gap-state distribution. One
should, however, bear in mind that the amorphous state is
not a uniquely defined entity and different preparation
conditions may lead to different defect structure. Hence
diverse reports of g (E) are not unexpected.

In this report, we do not anticipate solving the above
conflict. A study on evaporated a-Si and on the effect of
posthydrogenation using SCLC method is presented.
Evaporated a-Si has the advantage that hydrogen is not
incorporated at the outset into the amorphous matrix dur-
ing the film formation. If the gap states are studied be-

fore and after hydrogenation, one can hope to gain some
knowledge about defects that are present in pure amor-
phous silicon state and about the effect of hydrogen on
such defects. The as-deposited evaporated a-Si has a very
high density of gap states. SCLC experiments on such
samples are not possible, By suitable annealing, the gap-
state density can be reduced to a level where SCLC can be
observed. The reduction of gap states by annealing may
be attributed mainly to restructuring the more open net-
work of the as-deposited state. We believe that the oxy-
gen effect caused by the residual gas in 10 -Torr vacuum
system is minor in comparison with the restructuring, so
that the annealed state can still reflect the basic defect
structure of the pure amorphous state. In the following,
we report SCLC results on such annealed samples and on
post-hydrogenated samples. With the assistance of some
simple theoretical gap-state distribution models, concrete
information about the gap states was obtained.

II. EXPERIMENTAL

Deposition of amorphous silicon films was performed
by electron beam heating of pure-Si powder in a conven-
tional vacuum coating system with a base pressure of ap-
proximately 10 Torr. The substrate was an electropol-
ished stainless-steel sheet measuring 0.7&1.2 cm . The
film thickness was 0.9 pm and the coating rate was 3 A/s.
A sandwich-type of metal/a-Si/stainless steel was used in
all SCLC measurements. The deposited Si films on stain-
less steel substrate were then either subjected to postdepo-
sition hydrogenation or suitably thermally annealed under
dry nitrogen before the top electrodes were evaporated
onto the upper Si surface. When the sandwich structure
of the samples was completed, no further high-
temperature treatment of the samples was performed.
This precaution was undertaken to avoid any secondary
effect of metal electrodes on the film structure. Hydro-
genation of the samples was done by means of a hydrogen

31 7827 1985 The American Physical Society



7828 CHIK, YU, LIM, TONG, JOHN, AND %'ONG 31

plasma source' and the posthydrogenated films will be
designated by a-Si(H), while the unhydrogenated films
will be designated as usual (a-Si). All SCLC measure-
ments were carried out under high-vacuum ( ~ 10 Torr)
at temperatures between 200 and 500 K. Measurement
temperatures were chosen in the range where hopping
contribution to conduction is negligible. This was es-
timated from the temperature dependence of the tempera-
ture dependence of the dark dc conductivity at low volt-
age (Ohmic region).

Chromium, gold, and aluminum have been used as top
electrode material. Usually all three kinds of metal dots
(3 mm ) could be deposited on the same sample so that
the effect of top electrode metals on the SCLC measure-
ments can be studied. Al was found to be unsatisfactory
for SCLC measurement, while Au also presented some
difficulties for hydrogenated samples. For these reasons
we shall report results of a-Si samples with Cr or Au elec-
trodes and results of a-Si(H) samples with Cr electrodes
only.

III. THEORETICAL ASPECTS OF THE SCLC
METHOD

A very comprehensive account of single-carrier injec-
tion in insulators containing simple trap distributions has
been treated by Rose, " Lampert and Mark, ' Lampert
and Schilling, ' Van der Ziel, '" and Kao and Hwang. ' In
the following discussions, single-electron injection is
presumed throughout, and the free electrons are cori-
sidered to be injected into the conduction band above the
mobility edge E, . Since both unhydrogenated and hydro-
genated Si films are of n type, the above presumption is
justified. To ensure conduction above the mobility edge,
injection experiments should therefore be done at tem-
peratures where hopping conduction contribution becomes
negligible. It is further assumed that the mobility of the
free carriers is independent of electric field and is only
slightly affected by the presence of traps.

At low field, the thermally generated carrier density is

predominant and the conduction is ohmic. The current
density J is given by Ohm's law,

Jo= qnop Vo/L

J =(9/8)eeoc@ V /L (4)

where e is the dielectric constant of Si and ep is the per-
mittivity constant. The J- V characteristics of such sam-
ples should begin with an Ohmic region crossing over to a
V dependence. The slope y of the logJ-log V curve is
then 2. The crossover voltage V is

V„=(qL /ceo)N, exp[ (E,—EFo)/—kT] . (5)

According to Eq. (5) V„should increase as temperature is
raised. The temperature dependence of V„will yield in-
formation about E, and N, .

(b) Discrete deep traps at E, . ' The traps are considered
deep when E, lies below EFp. In thermal equilibrium, the
density of unfilled electron traps is

pro =Ntexp[ (EFo —Et ) Ik—T] . (6)

These traps will be filled up when the applied voltage is
increased. Any subsequently injected electrons are then
free to move in the sample and the current flow increases
rapidly with further voltage increase. Thus conduction
has crossed over from Ohmic to the case of' trap-filled-
limit conduction. The crossover voltage V„ is given by
[analogous to Eq. (5)]

(E) (2')' o.

where E, is the electron trapping energy level with a
maximum trap density and o, the standard deviation of
the Gaussian function. Then for shallow traps, we still
have a V law given by Eq. (4) with 8 now being modified
as

—(E —E )/kT+(1/2)((y t /kT)

N,
(9)

V. =qpt&'«eo
Hence the value of V depends on the position of the deep
trap relative to EFo.

(c) Gaussian distribution of traps '~' Sup. pose the trap
distribution is Gaussian,

no ——N, exp[ —(E —EFo)IkT], (2)

where p is the drift mobility, q the electronic charge, Vo
the applied voltage, L the sample thickness, X, the effec-
tive density of states at the conduction band, and EFp the
thermal equilibrium Fermi level.

The following cases of SCLC are of special interest.
(a) Discrete shallow traps at energy E, .' When the

sample contains traps, a large fraction of the injected
space charge condenses into these traps. The ratio 0 of
free to trapped electrons is then

and the crossover voltage becomes

L 2

V~ = N, expI —[E,~ EFo+ 2 (cr, /kT)]/kTI —.
GE'p

For deep traps, Et & EFp, the current density J is

Vm+1

V exp[[(E E, )IkT]'~ I, —

m =[1+2m.o, /(16k T )]'~2.

(10)

(12)

(13)

(3)

where N, is the density of electron traps at E, and g the
degeneracy factor of the traps. For convenience we take
g = 1 hereafter. The current J,is now given by'

(d) Traps distributed uniformly within the energy
gap. "' ' Suppose the traps are distributed uniformly
from energy Et to E„(E„&Et) with a density per unit en-

ergy interval of g,'. Then according to Kao and Hwang, '

the current density is given by
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(E& E„—)/kT (2eeoV/qg&' kTL )J=2qee, —e ' " eC (14)

and the crossover voltage from Ohmic to SCLC becomes
almost temperature independent, namely

qg,
' kTL

V„= '
[In(n, /2m, )+(E„E,—)/kT]

2E'Ep

qg,
'
L, [E„Et—(—E,—EF())—0.693kT] . (15)

26'E'p

(e) CaLculation of g (E) directly from J- V curues Fr.om
the above discussions, it is obvious that the trap distribu-
tion g(E) can be obtained directly from the J- V charac-
teristics. This method has been described by Nespurek
and Sworakowski' and den Boer. ' In our analysis of re-
sults, we follow closely the method developed by these au-
thors.

Suppose in thermal equilibrium, the concentration of
filled electron traps is n, p. When a voltage V is applied,
the free carrier density becomes

n = X,exp[ (E, EF—„)/kT]— (16)

J =nqpV/L, (17)

dn, =g(E)dEF„. (19)

The injected charge per unit area Q can be expressed ap-
proximately as

Q=KeeoV/L . (20)

K is a factor 'lying between 1 and 2 accounting for the
nonuniformity of the internal field. If most of the inject-
ed charge is trapped, then

where EF„ is the quasi-Fermi-level. The concentration of
filled traps is now n, . Assuming a continuous-trap distri-
bution function g (E),

E
n, —np- g EdE, (18)

FO

is measuring the steady state current. The effect of traps
on electron conduction is reflected in Eq. (16). Thus one
can expect that the mobility p, in Eq. (17) behaves in the
same way as p in Eq. (1). Hence the relative shift AEF of
the quasi-Fermi-level with respect to EI; p for a given volt-
age V is easily evaluated by taking the ratio of Eq. (17)
and Eq. (1), namely,

REF =EF„—EF()——kT[ln(J/J() ) —ln( V/V() )] . (25)

For the evaluation of g (E) from Eq. (24), one requires the
slope as a function of V along a log J-log V curve. If the
experimental points along the log J-log V curve are suffi-
ciently close and the J- V curve is slowly varying locally,
one can approximate each small section of the curve as a
straight line and find the slope y by using linear least-
squares fit to three, four, or five neighboring data points.
Out of the three values of y, the one with the least devia-
tion is taken as the true y for a given V. This procedure
is repeated for each data point, using a computer. By
means of this method of local linear-least-squares fit
(LSF), one can smooth out fluctuations due to experimen-
tal errors. We have compared this method with the step-
by-step method of den Boer, ' and found that the two
methods give essentially the same result except that the
local fit method produces a smoother curve. All our re-
sults were analyzed by the LSF method. The constants
used in our analysis are K= 1.5 and e= 11.7 for silicon.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. a-Si: J- Vcurves and gap state distribution

As-deposited unhydrogenated a-Si samples have a very
high density of gap states so that hopping conduction is
predominant well above room temperature. Current injec-
tion in such samples even at high temperatures is difficu-
lt. By suitable annealing hopping conduction can be sub-
stantially reduced so that current injection can be effect-
ed easily at or above room temperature. Figure 1 shows

qL. (n, n„)=Kee,v—/L, (21)

or

dn, =(Keeo/qL )dV . (22)

X~~pv
g(E) =

qL kT(y —1)
(24)

Equation (24) is the fundamental equation used for the
evaluation of experimental data to get g(E) directly from
a log-log plot of the J- V curve and is true as long as p is
independent of applied field. In SCLC experiments, one

Differentiating Eq. (17) with respect to ln V, one gets

d (lnJ) d (EFn /kT)—1= (23)
d (ln V) (1/V)d V

Writing y=d(lnJ)/d(ln V) and using Eqs. (19) and (22),
one finally obtains

a8i1 &Cr&

aSi 2 &Cr&

-++- BSI2 &AU&

-aa- as) 3 &Au&

10+
2 3 4

10 (K 'j
T

FIG. 1. Temperature dependence of dark electrical conduc-
tivity oD of a-Si samples annealed at 678 K using Cr or Au
upper electrodes.
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FIG. 2. J-V curves for a-Sil and a-Si2 (unhydrogenated).
Solid dots represent data prints obtained under reverse bias.

that the Arrhenius plots for the dark electrical conductivi-
ty o.D for three samples annealed at 678 K using Cr or Au
upper electrodes. It can be seen that the Arrhenius plots
are linear to down below room temperature. All our re-
sults on a-Si refer to samples annealed around this tem-
perature. Both Cr and Au electrode samples give similar
results with an average ED ——0.6 eV and with the preex-
ponential factor o.o between 10 and 500 0 'cm ' where
o.& ——o.pexp( EDlkT). Th—ese values are very close to the
values obtained on a similar sample measured in planar
configuration, namely E& ——0.68 eV and o.o ——300
Q 'cm '. ' We may assign 0.6 eV below E~ as the posi-
tion of EFp in our a-Si samples.

Figure 2 shows the log J-log V plots for typical samples
a-Sil and a-Si2. Also shown are the J- V curves in re-
versed bias (indicated by small solid dots). The curves in
opposite bias are exactly identical. In general, all curves
show a gradual transition from Ohmic conduction at low
field to an approximate V law conduction. The cross-
over voltage V„ for different samples are listed in Table I.
The best J- V curves are obtained at temperatures between
290 and 330 K. At higher temperatures, the Ohmic re-
gion extends to a much higher electric field so that only a
small range of current injection can be investigated. As a

I

()
0-0.6

I I

-0.55 -0.50
E —E (eVI

FIG. 3. Density of gap-state distribution g(E) for a-Si1 and
a-Si2. Position of Fermi level at —0.6 eV is indicated by iji.

result, the determination of V becomes less accurate.
The density of gap-state distribution g (E) deduced

from several J- V curves of a-Si prepared under the same
condition is shown in Fig. 3, using an average value of
EFp= 0.6 eV. The range of E that can be swept through
is only about 0.15 eV above EFo. However, one can see
clearly that there is a peak in the gap distribution centered
at about 0.08 eV above EFp (i.e., E,—E, =0.52 eV) with a
g(E) peak value of about 6)&10' cm eV ' for a-Sil.
The curve for a-Si2 suggests that this sample has a slight-
ly higher gap-state density with an estimated peak of
-8& 10' cm eV '. The Fermi-level position deduced
from Arrhenius plot of oD, such as shown in Fig. 1, can
have an error of +0.05 eV, which is of the order of the
range of E that can be swept through in the injection ex-
periment. Fortunately, the evaluation of g(E) depends on
EEL rather than on the absolute value of E~o. Our results
show definitely a gap-state level lying above the Fermi
level.

There is another way to check the relative positions of
the gap state distribution deduced from different J- V
curves. Since the samples are prepared under the same
condition, one can assume that X, and p are the same.
At high-injection level, the current flowing through the
sample should be less affected by electrode effects. Using

TABLE I. Comparison between experimental and theoretical crossover voltage for current injection
in evaporated a-Si. Values in parentheses represent the ratio V ( T2)/V„(T&).

Sample

a-SilCr

a-Si1Au

a-Si2Cr

a-Si2Au

Temperature
(K)

Tl ——297
T2 ——344.5
T, =305
T2 ——324
Ti ——304

T, =329.5
310

1.7
3.9
1.7
2.5
3.5
5.2
5.7

(2.3)

(1.5)

{1.5)

yexPt (V)

Discrete
trap model

peal (V)

3.2
4.95
3.5
4.2
4.7
5.8
4.9

Gaussian trap model
. peal (V) X,"' (cm-')

1.5
2.6

(1.2)
1.7

1.3
2.1

1.5

(1.7)
4.5 ~ 10"

(1.2)

(1.6){1.2) 1017



GAP-STATE DISTRIBUTION IN EVAPORATED a-Si. . . 7831

suffix 1 and 2 to denote two different samples, we can
write 47K

VI
J& N——,qp exp[ —(E, E—F„&)lkT],

L,

V2
Jz =N, qp exp[ —(E, —EF.~)lkT] .

(26)

(27)

Hence the relative position of the quasi-Fermi-levels of
the two samples at the given J- V values is

J2 V)EEI;„——E~„2—E~„I
——k Tln

JI Vp
(28)

o-1
O

In this way we have checked the relative positions of the
deduced g (E) and found that the results are consistent
with a Fermi level EI;0 0.6 eV. In our preliminary re-
port, we have shown one sample with a gold electrode
which gives ED ——0.8 eV and 0.0——4 & 10 0 ' cm
Taking this value as true EI;o would give a second peak of
g(E) at E=0.7 eV below E, . To test this, Eq. (28) is used
to locate this peak relative to the peak at 0.52 eV. Calcu-
lations showed that the two peaks should coincide. The
corrected position is shown in Fig. 3 by the curve with
crosses. This analysis shows that the experimental value
of ED ——0.8 eV is not the true EFo as originally proposed
in Ref. 22. This discrepancy may be due to electrode ef-
fects.

The gap-state distribution in Fig. 3 suggests that the a-
Si samples may be described by a model with shallow
traps. This is consistent with the approximate V
behavior of the J- V curve in Fig 2. The. n we can apply
the theory discussed in Sec. III to analyze our results. As-
suming the traps to spread out in an energy range of
about 0.1 eV, the trap density X, in our samples is about
6&10' cm for a-Sil and 8)&10' cm for a-Si2.
Taking E, —EFO ——0.08 eV, the crossover voltage V„ is
calculated from Eq. (5). The results are shown in Table I.
It can be seen V"' agrees reasonably well with the experi-
mental values, though V„'" gives a weaker temperature
dependence. The analysis is repeated using a model of
Gaussian trap distribution using Eqs. (8)—(10), and the re-
sults are also listed in Table I. In this case, we take
o, =0.025 eV and N, (E) '"=6X10' cm eV ' for a-
Sil and cr, =0.045 eV and N, (E) '"=8X10' cm eV
for a-Si2. From Eq. (8) we get N, =4.5X10' cm and
10' cm for the two samples, respectively. In this case,
the Gaussian model gives a better agreement in the tem-
perature dependence of V„. In view of the approxima-
tions used in the theory and the arbitrary chosen value for
K, we should not overly stress the absolute values of V„;
however, we can consider the agreement as a solid support
for the presence of a trap level above the Fermi level.

B. a-Si(H) samples

-8,

l09)0 V {V)

FIG. 4. J- V curves of a-Si(H): ————and —0—C)—0—
represent a-Si(H) 1 and —+—+—+— and —X—X—X—
represent a-Si(H) 2.

ip11

aSi(H)1
aSi(H) 2

IPt6

ward the conduction-band edge. This shift was recorded
in measurements with both sandwich and planar configu-
rations. One possible explanation is that before hydro-
genation the Fermi level is pinned by defects at near 0.6
eV, and after hydrogenation it is freed to move to its
equilibrium position. The shift direction may indicate
that there is an asymmetry in the tail-state distributions
near the conduction and the valence band. Theoretical
calculations have shown that after hydrogenation, the
antibonding states crowd near the bottom of the conduc-

After hydrogenation, a-Si(H) gives a straight-line Ar-
rhenius plot of o.D down to below room temperature.
Hence current-injection experiments can be carried out
from room temperature upward. The activation energy
ED is found to )ie between 0.43 and 0.47 eV. All a-Si
samples after hydrogenation show a Fermi-level shift to-

I

-0.4
I

-0.3 -0.2
Ee-E (eV)

FIG. 5. Density of gap-state distribution g(E) for a-Si(H}1
and a-Si(H)2. Each curve represents data obtained from several
J- V curves measured at different temperatures.
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From Eq. (14) we have

InJ=lnV+C2(T)+(2Eeo/qg'kTL ) V . (30)

tion band while the bonding states merge deep into the
valence band.

The typical log J-log V curves for a-Si(H) 1

(—0—0—0—) and a-Si(H)2 (—&& —)& —&& —) which have
been hydrogenated separately at different temperatures are
shown in Fig. 4. The general features of these curves are
different from those of the a-Si samples. After an initial
Ohmic region, the J- V curve rises rapidly with increasing
voltage, leading to y =4 which is almost temperature in-
dependent. Furthermore, the crossover voltage V is also
almost temperature independent. Analyses of the J- V
curves using LSF method, give the trap distribution as
shown in Fig. 5, taking E, —EFO ———0.45 eV for both
samples. The curves in Fig. 5 show that g(E) decreases
exponentially from E=0.2 eV below E, and tends to level
off around E=0.4 eV with a value of 5&& 10' cm eV
for a-Si(H)1 and 10' cm eV ' for a-Si(H)2. Although
g(E) for E beyond E=0.45 eV cannot be measured
directly in the present experiments, the observed curves
still suggest that the gap states at 0.52 eV found in a-Si
samples are removed by hydrogenation. This conclusion
is well supported by a careful analysis of J- V curves, as
shown in the following.

If there were a peak at 0.52 eV, the J- V curves would
be explained by a model of deep traps. Suppose we have a
Gaussian distribution of traps at 0.07 eV below EFo. Tak-
ing a-Si(H)1 as an example, y =4 or m = 3 at 317 K. Ac-
cording to Eq. (13), o, is found to be 0.12 eV. Since J is
proportional to V +', one can estimate the temperature
dependence of y. Taking o, =0.12 eV, y(317 K)=4.
Similar consideration at 360 K gives y(360 K) =3.6. Ex-
perimentally y is practically unchanged. On the contrary,
both the voltage and temperature dependence of I can be
well described by a model for traps distributed uniformly
within the mobility gap [Sec. III, part (d)]. At low voltage
in the Ohmic region,

Jo qpno( ——V/L) .

Hence,

lnJ, =lnV+C&(T) .

O
o

V (V)

FIG. 6. 2 logJ-vs- Vplots for a-Si{H)1 and a-Si(H)2 obtained
from J- V curves at different temperatures. The curves at 318,
340, and 363 K correspond to a-Si(H)1 and the rest correspond
to a-Si(H)2.

the two samples, respectively. These values agree excel-
lently with that deduced from the LSF method. Using
Eq. (15), one can further estimate the range of E where
g(E) is expected to be constant. Taking V„=0.1 V, one
gets E„EI=0.5 —eV and V„changes by less than 20%
when temperature differs by 100 K. This explains the
weak temperature dependence of V found experimental-
ly. If we take E„=0.4 eV from Fig. 5, then EI ——0.9 eV.
This means that the gap-state density g(E) is fiat below
midgap.

On the other hand, g(E) starts to rise smoothly at
about E, —0.3 eV toward E„suggesting an exponential
band tail. By extrapolating the g(E) curves in Fig. 5 to
E, E=0, one ob—tains g (E, ) = 10 and 2 && 10
cm eV ' for a-Si(H)1 and a-Si(H)2, respectively. These
values are comparable to the value suggested by Spear and
LeComber' who found g(E, )=4X10 cm eV ' for
GD a-Si(H) samples.

V. DISCUSSION
In this paper, we are able to demonstrate that SCLC ex-

periments can be successfully applied to amorphous semi-

Subtracting Eq. (30) from Eq. (29), we obtain

6 lnJ=lnJ —lnJo —SV+C(T),
where

2EEOS=
qg'kTL

(31)

(32)

C~(T), C2(T), and C(T) are functions of temperature but
not of V. Thus plotting b, lnJ (found on a single J- V
curve) against V should give a straight line with slope S
given by Eq. (32). The linearity of the hlogJ-versus- V
plots is demonstrated in Fig. 6 for both a-Si(H)l and a-
Si(H)2. Figure 7 shows the inverse temperature depen-
dence of S. From the experimental value of S, g' the den-
sity of trap states per unit energy interval can be evaluat-
ed. Using S(318 K) =8.7 per volt for a-Si(H)1 and S(316
K) =3.8 per volt for a-Si(H)2, one gets a trap density per
eV of 7~10' cm eV ' and 1.6&&10'6 cm eV. ' for

2.7 2.8 3.0 3.$ 3.2

&o' (K-'j
T

FIG. 7. Temperature dependence of S (see text).
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conductors to obtain information about gap states. The
gap-state density obtained by this method is less affected
by surface state since the injected current passing through
the sample depends on the bulk property. Evaporated a-
Si usually has a high density of gap states. As reported by
Madan et al. , evaporated samples showed very small
field effects. Similarly, SCLC cannot be observed in sam-
ples with high trap density. Hence we studied evaporated
a-Si in the annealed state. Annealing is able to release
much of the strains in the as-deposited state, giving films
with simpler defects. For example, the EPR signal (g
value=2. 005) of our as-deposited a-Si is broad and asym-
metric. After annealing above 600 K, the EPR signal be-
comes sharp and symmetric with a typical linewidth of
about 6 G. At the same time, such samples show appreci-
able SCLC at reasonable electric fields indicating that the
gap-state density is indeed reduced.

The gap-state distribution of evaporated a-Si (without
hydrogen) is obtained for the first time by SCLC method.
The distribution shows a large peak at 0.52 eV below E,
(see Fig. 3). One may note, that this distribution cannot
be compared directly with data which are obtained from
GD a-Si, which contains a hydrogen modifier. There
have been suggestions that a divacancy may give rise to
the two energy levels at E, —0.4 eV and E, —1.2 eV
found in GD a-Si(H) samples because these levels are very
similar to the V2 and V2 levels in crystalline Si. As
Davis has warned, the divacancy model may be overly
simple and the divacancy in a-Si may not necessarily give
rise to the same energy levels in the gap as in crystalline
silicon. Our result for evaporated a-Si does not fit into
the divacancy defect model. The Fermi level of our a-Si
samples lies around E, —0.6 eV, which is below the level
at E, —0.52 eV. Thus without current injection, divacan-
ci.es, if present in the samples, would be neutral. Neutral
divacancies are nonparamagnetic and should not be
detected by EPR, in contrary to experimental observa-
tions. Recently, Okushi et aI. reported a level at
E,—0.5 eV in n-doped a-Si(H), which they attributed to
doubly occupied dangling-bond level. This level is close
to the level we observed.

The SCLC method has its limitation. The range of E~
that can be swept through in the experiments is quite
small, about 0.2 eV. In addition, only gap states above the
Fermi level can be studied. This limitation is more con-
spicuous in the experiments on a-Si(H) samples. Here
g(E) is almost flat above EF before it rises steeply to-
wards E, . The interesting range of g(E) would therefore
lie below EF. However, some hidden information can be
recovered by analyzing the experimental results carefully
in combination with theoretical gap state models. In this
way, we are able to show that g (E) in our a-Si(H) samples
is flat down to below midgap. The overall picture of a
Si(H) samples is a structureless g (E) distribution with an
exponential band tail toward E,. This is in sharp contrast
to the g(E) of GD a-SI(H) of Ref. 2, which shows struc-
ture and a minimum. There has been recently controversy
about the interpretation of the field-effect data which can
lead to either a g(E) with or without structure. ' Other
experiments also report an exponential g(E) decay simi-
lar to our observations. It is possible that the fine details
of g (E) much depend on the preparation conditions of the
samples. Due to the discrepancies of results among dif-
ferent reports, we cannot conclude whether there are
substantial difference in gap state distributions between
a-Si(H) prepared by post-evaporation hydrogenation
and the GD a-Si(H) films.

VI. CONCLUSION

In this paper, we have shown that SCLC method has
been successfully applied to study the gap-state distribu-
tion in evaporated a-Si in the annealed state and in the
posthydrogenated state. Without hydrogenation, the gap-

, state distribution exhibits a peak at E, —0.52 eV, which
may be attributed to dangling bonds. After posthydro-
genation, this peak is removed producing a flat g (E) dis-
tribution extending from down below Fermi level up to
about E, —0.3 eV. From that energy onward, g(E) rises
exponentially toward E, . It seems that g (E) in the
posthydrogenated a-Si(H) samples shows no structure and
no minimum.
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