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The gap-state density of lightly P- and B-doped a-Si:H has been deduced from space-charge-
limited-photocurrent (SCLPC) measurements under blue-light (X=450 nm) illumination. The sam-

ple structures used (Schottky or back-to-back heterodiodes) completely eliminate the problem of ac-
tive impurity (P or B) contamination, which could not be excluded in the conventional space-
charge-limited-current measurements. First, we discuss the principle of this technique and postu-
late the conditions for deducing a meaningful expression for the density of states g (E). The validity
of the deduced g(E) is experimentally verified. The energy profiles of g(E) for lightly P- [1—10

vppm in the gas phase (vppm=volume parts per million)j and B-doped (3—6 vppm) a-Si:H deduced
from SCLPC prove to be qualitatively similar to those deduced from deep-level transient spectros-
copy, the constant-photocurrent method, and photothermal deflection spectroscopy; g(E) below
(above) the intrinsic Fermi level E&„ is much larger than that above (below) it for P- (B-) doped
films. However, the energy profile around Ef'{) for 0.5 vppm B2H&-doped films shows a low and al-

most flat [(3—5) X 10" cm ' eV '
j density of states. This doping-induced modification in g (E) is

discussed based on the existing data and models.

I. INTRODUCTION

The density of states (DOS) in the band gap of amor-
phous silicon (a-Si:H) is a basic quantity for the under-
standing and application of the material. The space-
charge-limited (dark) current (SCLC) has been applied to
the determination of the energy profiles of the DOS, par-
ticularly in the midgap region. ' In this method, super-
linear current-voltage (I V) character-istics due to inject-
ed charges from Ohmic contacts are measured. Howev-
er, a high-level doping of phosphorus or boron to make
the contacts can contaminate the undoped layer subse-
quently deposited. To dispense with the n+-type or
p+-type layers, we recently proposed a kind of SCLC
technique, space-charge-limited photocurrent (SCLPC),
which uses blocking (Schottky or hetero) contacts, and
photogenerated carriers as a source of space charge. Al-
though SCLPC itself has been studied from the 1960s for
other photoconductors ' and recently for a-Si:H, ' there
has been no attempt to deduce the DOS from it. In this
technique, dopant contamination essentially does not
occur. The DOS derived from the technique proved to be
similar to that from the conventional SCLC technique.

The previous work, however, was limited to undoped
a-Si:H. In this paper, we describe on the results lightly
phosphorus and boron doped a-Si:H films, including a de-
tailed and comprehensive description of this technique.
It has been shown that the light doping (in particular, B
doping) into a-Si:H is very important in optoelectronic
devices such as solar cells and image sensors. ' '" First
we describe the technique in detail in Sec. II, including
conditions for meaningful measurement, factors that
might affect the deduced DOS, and also the sample struc-
tures specific to the dopant types. In Sec. III, the ob-

tained energy profiles of the DOS for the undoped and
lightly P- and 8-doped a-Si:H will be shown. Finally we
will discuss in Sec. IV the doping-induced change in the
energy profiles of the DOS found by the SCLPC tech-
nique, comparing with existing data and models.

II. THE SCLPC TECHNIQUE

A. Conditions for the SCLPC technique

In the SCLPC technique, the source of the space
charge is not injected charges from an upstream contact
but photogenerated charges, as is schematically illustrat-
ed in Fig. 1. The excitation light is illuminated through
the top indium tin oxide (ITO) contact. The DOS is cal-
culated from the photocurrent-voltage (I„h-V) charac-
teristics. Here, V is the bias voltage defined as V~ —AV,
where V„ is the applied voltage and AV is the voltage
offset at I h=0. To ensure the formation of a unipolar
space charge in the bulk region, both contacts must be of
the blocking type so that injection from the contacts may
be neglected. Experimentally, the dark current Id must
be sufficiently lower than I „,i.e., Id ((I„„(condition 1).

Furthermore, the perturbation in the boundary regions
should be minimized for the precise determination of
g(E). Therefore, strongly absorbing light is used in the
SCLPC technique, i.e., aI. ))1 (condition 2), where a is
the absorption of a-Si:H and L is the film thickness.

Another important factor in the forming of a uniform
space charge is the magnitude of the range (p&F) of the
photocarriers. Here p is the mobility, ~ is the deep-
trapping time, and F is the electric field. If the p~F is so
large as to become some portion of L, the space charge is
substantially not formed there. In this region, the elec-
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( = VIL). Consequently, one can regard the photogen-
eration region as a charge reservoir with negligible thick-
ness. The reservoir provides as much charge as the
space-charge layer requires so that the boundary condi-
tion, I', =0 at the upstream contact usually assumed in
SCLC, may virtually apply. However, if the charge re-
quired by the space-charge region exceeds the generated
charge by an increased V, current saturation will occur.

In the space-charge region, the energy distribution of
electrons is assumed to be under quasiequilibrium accord-
ing to the Fermi statistics. The density of electrons at an
energy E, n (E), is given by

Ey
n (E)=g (E)f (E),

where f (E) is the Fermi distribution function,

f (E)= I expI(E Ef„—)/kT]+ 1]

(3)

(4)

FIG. 1. Schematic band diagram of a Cr/a-Si H/ITO
Schottky photodiode under a bias voltage in the case of electron
space charge. The hatched region indicates a light-absorbing
region.

tron density n in the conduction band and tail states is
much larger than deeply trapped electrons X„and there-
fore, they are far from equilibrium. A large value of p~I'
also causes a large electric field nonuniformity, as is clear
from the current continuity equation. Thus the p~I' must
be much smaller than L, i.e. , p~F ((L, to ensure the
space-charge uniformity (condition 3). In device-quality
a-Si:H films, condition 3 is not always satisfied because of
large values of p~. In this case, another thin layer, in
which p~ is so small as to satisfy condition 3, should be
interposed between the intrinsic layer and the transparent
contact to minimize the non equilibrium region. The
structure of samples will be described in detail later.

In the transition region, the nonequilibrium (light-
absorbing) region gradually changes to the space-charge
(bulk) region in reality. However, for simplicity, we as-
sume that the two regions are electrically uniform and its
boundary is broken. The photocurrent density J
( =I „/2, where 3 is the diode area) in the two regions
is connected by the current continuity equation,

J=e(n,
t „+p,p, )F,

=e(p„r„+p r )GF,

=en2p, F~,
n~ =X,exp| (E Ef„)IkT]—, —

where e is the electron charge, n and p are the free-
electron and hole densities, p is the mobility, ~ is the
recombination life time, 6 is the photocarrier generation
rate, X, is the effective density of states in the conduction
band, Ef, is the quasi-Fermi-level for electrons, k is
Boltzmann's constant, and T is the absolute temperature.
The subscripts n and p stand for electrons and holes, re-
spectively, and 1 and 2 denote the light-absorbing and
bulk regions, respectively. Since we can assume
nzp, „«(n

& p,„+p|p ), F, is much smaller than F2

Using these equations, X, is expressed as

X, = 1 g (E)f (E)dE, (5)
E~0

where Efo is the intrinsic Fermi level without illumina-
tion. The Ef„(i.e. , 1V, ) increases with increasing light il-
lumination. Under a constant intensity illumination (i.e. ,
a constant N, ), the shift in Ef„reduces as g (E) increases.
An increase in Valso increases Ef, as in the usual SCLC.
Similar expressions apply in the case of holes (E & Efo)

B. Photocurrent-voltage characteristics

We first examined the effect of incident-light wave-
length A, on I h. The I h- V characteristics were measured
with a picoammeter (YHP-4140B). The top ITO contact
was biased negative (positive) for electron (hole) current
measurements under illumination. A monochrometer
was used to obtain monochrome lights with an intensity
range of 2 —100 pW/cm . The I„h-V characteristics for
four wavelengths are shown in Fig. 2. It can be seen that
the I& is sufIiciently low even at high bias voltages, indi-
cating that current injection from the contacts is well
blocked. For a long wavelength of 660 nm, no space-
charge-limited photocurrent is observed. When the
wavelength becomes short, the photocurrent becomes
space-charge limited, and below 500 nm the shapes of the
curves are substantially the same. From this result, we
adopted 450 nm as a wavelength of incident light. With
decreasing wavelength, the penetration depth a ' be-
comes small, and the space charge region spreads
throughout the whole film. The n ' value of our a-Si:H
films for 450 nm is approximately 50 nm, which satisfies
condition 2.

Figure 3 shows I h-V characteristics under varied light
intensities (2 —103 p,W/cm ). The curve monotonically
shifts upwards with increased light intensity. Also, there
are indications of current saturation for all light intensi-
ties at V larger than approximately 10 V. However, the
light intensity dependence of I „ is not linear for V & 10
V, i. .e.,

I,„~Gr (0.5 & y & 1)
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as can be seen in the inset of Fig. 3 despite the primary
photocurrent. Furthermore, y decreases as V decreases.
This may be due to the fact, I'

&
((F2 as is clear from Eq.

(I). It has been suggested that the light-intensity depen-
dence of photocurrent is not linear even for primary pho-
tocurrents when electric Geld strength is weak. '
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FICx. 2. Bias-voltage dependence of hole photocurrents for
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current.

-10-

~3-10—
O

Qa
0

0
0

cP

L
o O.S5 pm
01.80-

(a)

V/L

-10'
( V/cm' )

-10'

710-

O-8

10 HOLE
450 nm
20 pW/crn2

o~

0
00

K)

UJ

~~ 1O'-
D
CL -10

20
1

5
0+ 10

2 pW/cm

10"-

L
& 0.8@m
o 1.14-
0 1.70-

oo
o+

~o~o0
~o

0

0
0

(b)
I i I I

1 10
BIAS VOLTAGE (V)

Q3
0
1 I I

10 108

VIL (V/cm' )

10

FIG. 3. Bias-voltage dependence of photocurrents for various
incident-light intensities. The inset is the illumination-intensity
dependence of photocurrents at three bias voltages with y
values (Iph IL ).

FIG. 4. J/L —V/L (scaling law) plots of photocurrents for
samples with diAerent thicknesses. (a) Electron current (b) hole
current (reproduced from Ref. 5).
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C. Scaling law

The most efFicient test for the uniform formation of
space-charge or bulk-controlled photocurrent is applica-
bility of an universal scaling law, '

J/L =f ( V /L ),

Space charge
Dopant

P
Und oped

B

TABLE I. Sample structures.

Holes

Cr/Si02/v/ITO
Cr/i/ITO
Cr/m/ITO

Electrons

Cr/v/p '/ITO
Cr/i/p /ITO
Cr/~/p /ITO

where f is an adequate function. Figures 4(a) and 4(b)
show the J/L versus V/L plots for samples prepared
under the same condition but with different thicknesses.
In the conventional SCLC measurements, it is known
that unintentional deviation of plasma conditions or re-
sidual impurities induces a disagreement with the scaling
law. ' However, it can be seen that plots lie fairly well
on a common curve, indicating that the currents are bulk
controlled.

D. Sample structures
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FIG. 5. Bias-voltage dependence of photocurrents for two
kinds of samples: one with a thin lightly B-doped layer (100 nm;
[BzH6]/[SiH~]=6 vppm) interposed between the ITO and a-
Si:H layers, and one without the B-doped layer.

The sample structure used for the SCLPC measure-
ments is basically a-Si:H films sandwiched by Cr and ITO
electrodes as previously shown. Both electrodes form
Schottky contacts against a-Si:H. The a-Si:H films were
deposited on Cr-coated Corning 70S9 substrates by rf
decomposition of SiHz under an optimized condition
similar to our previous work. ' ITO transparent dots
were made on the film surface. The total thickness of the
a-Si:H was from 0.8 to 1.25 pm.

'p denotes a thin B-doped layer (100 nm; [B2H6]/[SiH4]=6
vppm).

As was explained above, a carrier trapping layer is re-
quired to reduce the range of photocarriers if it is not
negligible compared to L. In a previous paper, we found
that the electron pr value (2X 10 cm eV ') of the un-
doped sample is one order of-magnitude larger than that
for holes (2 X 10 cm eV '), and that 6 vppm (vppm is
volume parts per million) B2H6 doping reduces the elec-
tron p~ value to 2X10 cm eV '. ' The p&F for the
B-doped a-Si:H becomes about 0.1 pm or less for an ap-
plied voltage of 1 V. Hence, we used 6-vppm BzH6-doped
a-Si:H layers of O. l-pm thickness as electron trapping
layers for the measurements of electron photocurrent.

The effect of interposing the electron trapping layer is
shown in Fig. 5. The I h with the trapping layer is more
than one order-of-magnitude smaller than that of the
diode without the layer. This indicates that a large part
of the photocarriers (electrons) are trapped in the lightly
B-doped layer. Once trapped, the free carriers and
trapped carriers are considered to be under quasiequili-
brium according to Eq. (4). The nominally deduced g (E)
value from the Iph V curve for the sample without the
trapping layer is in the 10' cm eV ' range, which is
unrealistically small.

When the ITO electrode is positively biased with
respect to the Cr electrode for the lightly P-doped sam-
ple, injection of electrons increased significantly. Then a
thin Si02 layer of about 10 nm thick, made by rf decom-
position of SiH4 and NzO, was interposed between the Cr
and a-Si:H layers. The sample structures used for the
present measurements are summarized in Table I.

E. Calculation of g (E)

The calculation methods for deriving g (E) from the I
V curves in the SCLC techniques, such as the the step-
by-step method and the differential method, have been
developed by den Boer, and Nespurek and Sworakowski,
respectively. " Since there is no difference in the carrier
transport between the SCLC and SCLPC techniques ex-
cept for the source of space charges, both methods can
apply to the calculation. We calculated g(E) using the
difT'erential method here. According to the method, g (E)
and E are given by

Xl &0 d (log toJ)g(E)= m (V)=
eL ~kT m ( V) —1 d (log, o V)

E, E=kT In(eN, p, ,y2—/L)+kT( V/J), Efo(E (9a)

E E, =kT In(eN, p, ,y2/L)+k—T(V/J), E &Efo (9b)
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FIG. 6. Energy profiles of the density-of-states of undoped
a-Si:H deduced from diff'erent I»- V curves under three diA'erent

(2, 20, 103 pW/cm'-) light intensities (Fig. 3) and from varied
light intensity at V =5 V.

III. DEDUCED DENSITY GF STATES

A. Thickness dependence

where e is the dielectric constant, eo is the permittivity of
free space, g& and y2 are correction factors for the nonun-
iformity of the internal field and the carrier density, and
are set 0.75 and 1 here, respectively. In order to deter-
mine the energy scale relative to E, or E„knowledge of
the values of the effective density of states X, and N„mi-
croscopic mobilities p, and p, are necessary. The sub-
scripts c and U denote the conduction and valence bands,
respectively. Here, we employed the values of g (E, ) and
g(E, ) as 4X10 ' cm eV ', and then X, and X, as
1 X 10 cm from the relation, X, , =kT (E, , ). '

These values are those measured by optical methods and
appear to be most reliable at the present stage. p, and p,
were set to 10 cm V 's

We calculated g (E)'s from three diA'erent I„h curves of
Fig. 3 (2, 20, 103 pW/cm ) using Eqs. (8) and (9), and the
result is shown by open symbols in Fig. 6. As the il-
lumination intensity (i.e. , I„z ) increases, the energy range
shifts towards the valence band, as is clear from Eq. (9).
It should be noted that, although the energy range
probed shifts, the g (E) values for each illumination con-
tinuously overlap. The scattering in g(E) due to the
difference in illumination intensity is estimated to be
within a factor of about 2. In the SCLPC measurement,
there is another measurement method in which the il-
lumination intensity is varied under a constant bias volt-
age. The solid circles in Fig. 6 are the plots derived by
the latter method under a constant bias voltage of 5 V.
To cover a wider range of the energy scale, particularly
for the smaller E —E„E,—E range, use of more intense
light such as a He-Cd laser is required.
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DOS for thinner films. ' Figure 7 shows the thickness
dependence of the DOS at E —E, =0.74 eV deduced by
the SCLPC for undoped films. It can be seen that g(E)
increases with decreasing thickness, particularly below
approximately 1 pm. This tendency is qualitatively in
agreement with other results mentioned above. However,
the rate of the change in g (E) with thickness is larger for
our data than those of others by a factor of about 2. It
should be pointed out that there are differences in the
measurement condition between our experiment and oth-
ers; firstly, g (E) of our data is that of the valence-band
side of the E&o, and secondly, it is at a constant energy
(E —E, =0.74 eV).

As will be shown in Sec. III B, the g (E) below the Efo
is larger than that above it for the undoped sample. If
the main defect of undoped a-Si:H is the dangling-bond
states located below Efo, as is widely accepted, probing
the energy region below E&o would be more sensitive to
the change in the defect density associated with the film
thickness, which may explain the larger thickness depen-
dence shown in Fig. 7. Other data probing the DOS such
as subband absorption or electron spin resonance have in-
dicated that the DOS for thin films is large as compared
to thicker films, ' '' probably due to the more disordered
structure in the vicinity of substrates and evolutional re-
laxation of the structure during the film growth.

Secondly, the previous data on the thickness depen-
dence of g (E) (Refs. 3 and 4) is generally at new Fermi
levels Ef„(E~~ ) shifted by the formation of the space
charge so that it is not at a constant level. As g(E) be-
comes larger, Ef„(Ef ) will shift towards Efo where

g (E) is generally smaller than Ef„(Ef ), resulting in a
weakening in the change of g (E).

It has been shown that the DOS deduced from SCLC
measurements is film-thickness dependent, i.e. , a larger

FIG. 7. Thickness dependence of the density-of-states g(E)
of undoped a-Si:H at a constant energy (E—E„=0.74 eV).
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B. g (E) profiles of lightly P- and B-doped a-Si:H

IV. DISCUSSIQN

The overall trend of the energy profiles of g (E) for our
undoped and lightly P- and B-doped a-Si:H is remarkably

10gp 17
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FIT&. 8. Energy profiles of the density-of-states g(E) for un-

doped and P- and B-doped a-Si:H. The numbers N in PN or BN
denote the gas-phase doping level ([PH, ]/[SiH„],
[B,H~]/[SiH~]) in vppm.

The DOS of lightly P- and B-doped a-Si:H has also
been obtained by conventional SCLC techniques using
n+-i-n+ or p -i-p+ samples. " However, these structures
will not completely exclude the eff'ects of dopant contam-
ination because only slight doping ( ( 1 ppm) could
change the shape of g (E), particularly for B doping, as
will be shown in the following.

Figure 8 shows the energy profiles of lightly P- and B-
doped samples together with that of an undoped one.
The numbers N in the figure (PN, BN) denote the gas-
phase-dopant mixing ratios, [PH3]/[SiH~] and
[B~H6]/[SiH4], respectively. As can be seen in the figure,
the g(E) in the region below Efo, g (E &Efo), is one or-
der of magnitude larger than that in the region above
EfQ g (E )Efo ) for the undoped sample. A 1 -vppm PH3
doping further increases g (E & Efo), while it reduces
g(E )Efo). As for B-doping, there has been no data on
the energy profile of g (E), as far as we know, particularly
for the doping levels smaller than a few ppm. In contrast
with P doping, light B doping reduces g (E &Efo), while
it increases g (E )Efo). The reduction in g (E &Efo) by
the B doping appears to saturate above the doping level
of 3 vppm, while the increase in g (E )Efo) continues
with further doping. A low and almost Rat distribution
of g (E) [(3—5) X 10' cm eV '] around midgap, i.e.,
an electrically intrinsic condition, is achieved at the dop-
ing level of about 0.5 vppm. This is in good agreement
with the result that the transport properties of electron
and holes are optimized by the B doping at this doping
level. '4

similar to those for more heavily doped films obtained
from other measurements such as deep-level transient
spectroscopy (DLTS) or recent data of the constant-
photocurrent method (CPM) and photothermal defiection
spectroscopy (PDS). ' The DLTS data for undoped
and P-doped samples showed that g (E &Efo) is much
larger than g (E )Efo), and that g (E &Efo) increased
with increasing doping level. The values of g (E (E/„)
for undoped samples are similar to ours ( =-4 X 10'
cm eV '). Dift'erences are the magnitude of g (E) and
energy level at which the g (E & Efo) takes minimum
values, i.e. , g(E) =2X 10' cm ' eV ' at E, E=—0.7 eV
for our measurement and g (E)( 10' cm eV ' at
E,—E-0.5 eV for the DLTS measurement. CPM and
PDS measurements also showed that g (E &Efo) in-
creased with increasing PH3 doping level (30—3000
vppm), while g (E & Efo) decreased with increasing dop-
ing level

The CPM and PDS techniques require deconvolution
of the optical-absorption spectra and so accompanies
some uncertainty due to assumed parameters. In con-
trast, the SCLPC technique is a more direct method with
few mathematical manipulations. Therefore, we may say
that the changes in g (E) by P- and B-doping derived by
these methods are confirmed by the present data and
proved to be universal.

A model explaining the doping-induced change in g (E)
has been presented by Kocka. The model is based on
the assumption that doping creates dopant-defect com-
plexes, P4+-D and B4 -D, and Coulomb interaction
between the charged atoms lowers the energy of the
charged-D states relative to the conduction and valence
bands, respectively. Recently, Winer has developed a
thermodynamical model where defects are created in or-
der to minimize the system-free energy, and the defect
chemical potential depends on the Fermi energy. This
model does not necessarily require the defect complexes
and accounts for the temperature dependence of the de-
fect concentration. In any case, both models predict that
the D states for the P-doped sample are located below
Efo, while the D states for the B-doped samples are lo-
cated above Efo. These models generally account for the
tendency of our data, although the energy positions of
the maximum of the DOS in the present data is not
identified because of the limited energy range that the
present SCLPC covered. According to these models, the
bump below Efo found for the undoped sample (Fig. 8)
corresponds to the D state while that for the PH3-doped
samples corresponds to the D state. Both states form a
positive charge in the bulk as D and P4, respectively,
by hole trapping. According to the Winer's model where
the energy level of the D states is dependent on the Fermi
level, the energy level of the D states will continuously
decrease with an increasing P-doping level. However, if
the large bump in g (E &Efo) for the P-doped sample is
assigned to the D states, it may be concluded that the
decrease in the energy of the D states occurs rather
abruptly at a smaller doping level than 1 vppm. The
slight shift in the high-energy shoulder of g (E &Efo)
with an increasing P-doping level (Fig. 8) may correspond
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to the predicted shift.
The increase in g (E) above Ef„with the BzH6 doping

larger than 3 vppm can be understood by the Kocka's or
Winer's model. However, more detailed consideration
should be given to the "decrease" in g (E &Efo) by the
0.5-vpprn doping. If the 8 doping simply creates the
D+-84 pairs as the Kocka's model suggests, the density
of intrinsic D states below Efo will not change because
the pair D+ state is assumed to be located above Efo,
which disagrees with the results shown in Fig. 8. On the
other hand, according to the Winer's model, the decrease
in g (E & Efo) may be attributed to the shift of the energy
level of the D states towards the conduction band, if we
assume that additional D states are not formed by 8 dop-
ing. However, no large bump comparable to that for the
undoped sample is identified in the energy profile of the
O.S-vppm 82H6-doped sample. If additional D states
are created by the B doping below Efo, one cannot "see"
the D+ states located below Efo by the SCLPC technique
because they no longer trap holes. Also in this case, how-
ever, the density of the D states will not change. In con-
trast, if the D+ states are created above E&-0, one would
see them because they can trap electrons, but this
disagrees with the result. Thus it is dificult to account
for the decrease in g (E &Efo) for the 0.5-vppm-doped
sample by the existing models shown in Fig. 8.

One explanation for the decrease in g(E &Efo) is de-
fect compensation by the dopant (B) atoms. However,
0.5-vppm BzH6 doping corresponds to only a 3X10'
cm 8 concentration in the a-Si:H film. It is very un-
likely that most of the 8 atoms happen to be incorporat-
ed to the dangling-bond sites. Another possible explana-
tion is the one we previously proposed. ' We assumed
that 8 atoms are incorporated simply as 84 states without
forming additional D states as long as its concentration is
lower than that of the intrinsic D states. The holes emit-
ted from the 84 states will convert the D states to D+
states by trapping. Consequently, the intrinsic D states
are more and more converted to D+ states with increas-
ing 8-doping level and consequently, become unobserv-
able as explained above. This naturally accounts for the
decrease in g (E &Efo) by B doping. The subband ab-
sorption experiments such as CPM or PDS will also not
see the D+ states located below Efo, since they observe
electron transition from occupied states to empty states.
A further 8 doping will create additional D+ states as a

pair of 84 or as a result of a thermodynamical require-
ment. These D+ states can be observed to increase by
the SCLPC measurement because they are assumed to be
located above Efo and can trap electrons.

As discussed above, the existing models proved to be
insufficient to explain the modifications in g (E) by light P
and 8 doping, although these models are effective in the
case that the Fermi level is significantly deviated from
Efo. More detailed study in the lower-ppm doping range
is required to construct a comprehensive model which
can account for the changes in g (E) by the low-level dop-
ing as well as high-level doping.

V. SUMMARY AND CONCLUSIONS

We have developed the SCLPC technique, a new
method to determine the DOS in the band gap, and ap-
plied it to the determination of the DOS of lightly P- and
8-doped a-Si:H. This technique uses samples with block-
ing contacts such as Schottky or hetero contacts, and
therefore, suffers essentially no dopant contamination
from the highly doped layers which have been used for
the conventional SCLC technique.

First we explained the principle of the technique in de-
tail. Furthermore, we postulated three conditions: (1)
I„«I „, (2) aL ))1, (3) prF «L, to be satisfied in order
to deduce meaningful g(E) values. Next, we presented
data with regard to the certainty of g (E) deduced from
the technique. The scaling law which ensures bulk or
space-charge-controlled current was checked and found
to be satisfied. The importance of interposing a thin
doped layer between the transparent contact and the bulk
layer to trap the photogenerated carriers was stressed in
cases where the p~ value is large.

The energy profiles of g (E) for the undoped and lightly
P- and B-doped a-Si:H films deduced from the SCLPC
technique were found to be qualitatively in agreement
with the other data for the DLTS, CPM, and PDS tech-
niques, and were generally explained by the existing mod-
els. The increase in g(E) above Efo by light B doping
( ~ 3 vppm) was also explained by the existing models.
However, the decrease in g (E) below Efo by light B dop-
ing ( & 1 vppm) found in the present measurement was
not explained, but was explained by the model which we
previously proposed.
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