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Fermi-level effects in a-Si:H photoconductivity
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Fermi-level —position effects on photoconductivity in a-Si:H were studied using metal-oxide-
semiconductor field-effect transistor devices. When the Fermi level shifts toward the conduction
band as a result of field effect, the photoconductive current increases monotonically without satura-
tion and the exponent of its illumination intensity dependence is gradually reduced from 0.9 to 0.4.
These features can be explained if photoexcited electrons are distributed among extended states and
localized states and if the nonradiative-recombination rate through recombination centers is con-
trolled by the free-hole —capture rate of the recombination centers.

I. INTRODUCTION

Recombination mechanisms for photoexcited carriers in
a-Si:H have been investigated by using several methods,
including photoluminescence, ' transient photoconduc-
tivity, '" photoinduced absorption, and photoconductive
sensitivity. ' Photoluminescence is a highly effective
method for investigating radiative recombination at low
temperature, but it cannot be used for nonradiative recom-
bination at room temperature. The transient photocon-
ductivity method is very complex, because it is influenced
by time-dependent mobility as well as by recombination.
Therefore, it is difficult to obtain information about
recombination. On the other hand, the photoconductive
sensitivity and the illumination power dependence of the
photocurrent directly reflect the recombination mecha-
nism.

Anderson and Spear reported that the exponent y of il-
lumination power dependence changed from 1.0 to O.S

when the Fermi level was shifted by phosphorus doping.
They attributed this phenomenon to a transition from a
monornolecular to a bimolecular recombination mechan-
isn considering the Mott —Cohen-Fritzsche-Ovshinsky
model. However, the intermediate y value between 1.0
and O.S, which is commonly observed in a-Si:H photocon-
ductivity, cannot be explained by their model. On the oth-
er hand, Rose presented a relation y=TC/(Tc+'I) for
the case where conduction-band tail states are distributed
exponentially and free electrons recombine with trapped
holes. Tc is the characteristic temperature which
represents the width of the band-tail-state profile and T is
the temperature. His model, however, cannot explain the
effect of the Fermi-level position on the y value.

The main purpose of this paper is to clarify the follow-
ing questions. Why is y not O.S or 1.0, but an intermedi-
ate value, and what recombination process does it reAect7
In order to clearly detect the Fermi-level effect, one must
change the Fermi-level position without altering the
localized-state profile. The doping process changes both
the Fermi level and the profile simultaneously.

In this paper the Fermi-level —position effect on photo-

conductivity in a-Si:H was studied by metal-oxide-
semiconductor field-effect transistor (MOSFET) measure-
ments. The photocurrent increased when the bands were
bent by positive gate biases. The illumination intensity
dependence of the photocurrent also changed when the
Fermi level was shifted by band bending. The experimen-
tally observed relation between the gate voltage and photo-
current was analyzed to obtain the photoconductive sensi-
tivity as a function of the dark Fermi-level position. The
obtained features are discussed considering the electron-
occupation probability distribution in the band-tail states.
The experimental results can be explained if the recom-
bination rate is controlled by the capture rate of free holes
by recombination centers. Finally, a comparison with
doped a-Si:H was carried out.

II. EXPERIMENT AND ANALYSIS

The field-effect transistor (FET) structure is illustrated
by the inset in Fig. 1. The substrate was highly doped
crystalline n+-type Si and its surface was thermally oxi-
dized to form a 0.2-pm™thick SiO2 film. An amorphous
silicon film 0.6 pm thick was deposited by conventional rf
glow discharge of silane gas, as described elsewhere. The
source and drain electrodes separated by 10 pm were
formed by aluminum evaporation onto a-Si:H. The gate
electrode was formed by aluminum evaporation onto the
opposite surface of the crystalline n+-type Si substrate.

The gap between the source and the drain was il-
luminated with calibrated monochromatic light of 0.6 and
0.7 pm wavelengths. Figure 1 shows the dark- and photo-
drain current as a function of gate voltage, when a 0.2-V
constant voltage was applied between the source and drain
electrodes. The i11umination intensity was 17 pW/cm .
The drain current under illumination increases monotoni-
cally when a positive gate voltage is applied. This shows
that the photoconductive sensitivity increases when the
bands are bent by the gate bias so that the Fermi level
shifts toward the conduction-band edge. The photo-
current for a 0.7-pm-wavelength light is more sensitive to
gate voltage because the long-wavelength light, character-
ized by less absorption in a-Si:H, penetrates into the
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FIG. 2. Illumination intensity vs photocurrent for 0-, 1-, and
2-V gate voltages which are shown at the right-hand side of the
lines. Photocurrent depends on illumination intensity Io as I$.
y values for each gate bias are indicated by the numerals above
the lines.
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FIG. 1. Gate voltage vs drain current in the dark and under
illumination. Illumination wavelengths are 0.6 and 0.7 pm and
intensity is 17 pW/cm . Inset shows the structure of a-Si:H
MOSFET samples used for the measurement.

where E is localized-state energy. The energy Eo is set to
be equal to the Fermi level at the bulk region (see Fig. 3).
p& and pz represent distribution widths for the
conduction- and valence-band tails, respectively.
Poisson's equation is

g EdEI d'q e

e dx~ ~, ~F —&

r

(e ' —I)— (e ' —I), (2)
+1 PIf +2 —P~g

e, p, pp

band-bending layer. The photocurrent depends on il-
lumination intensity Io as Ig. The value of y varies with
gate voltage, as shown in Fig. 2, which shows the relation
between the illumination intensity and the photocurrent
for various gate voltages. This measurement was carried
out for the wavelength of 0.7 pm. The value of y is 0.86
for zero gate voltage. It continuously decreases as the
positive gate bias is increased. On the other hand, y is al-
most constant when negative gate bias is applied. The y
values for gate biases of —1.0 and —2.0 V were 0.83 and
0.82, respectively.

As photoconductive sensitivity depends on the dark
Fermi-level position, the sensitivity varies with depth x in
the a-Si:H FET. Thus the experimentally observed sensi-
tivity P (Qcm) ' is an integration of sensitivity over
depth x. The band diagram is shown in Fig. 3. For
analysis, the exponential localized-state distribution g (E),
which is usually used for the analysis of transient photo-
current, ' is assumed to be

g (E)=X,exP[P, (E —Eo)]+X,exP[(P,(E,—E)],

Si 02 a-Si:H

FIG. 3. Band diagram of MOSFET.

where EF is the Fermi energy, e, is the permittivity of a-
Si:H, and P represents the band bending. The relation
EF Eo=g was us—ed in Eq. (2). The band bending t/r has
dimensions of energy and is positive for positive gate
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biases. The charge distribution is controlled by the
trapped electrons in contrast to crystalline semiconduct-
ors, " and the electron distribution in the localized states
at zero temperature is used in Eq. (2). The zero-
temperature approximation is sufficiently good because
the gradient of the electron distribution near the Fermi
level for room temperature is much larger than that of the
localized-state profile. Poisson s equation is solved to ob-
tain the band-bending profile

d1tj e' &i 1 py
dx e~ P) P)

2
'1 P~+ (e ' —1)+1tj

2 2

—:F(1t ) (3)

Procedures similar to Ref. 11 were used to obtain Eq. (3).
With the assumption that interdiffusion of carriers along
a depth x within the lifetime can be neglected, the experi-
mentally observed photoconductive sensitivity I' is
represented as

dP= — I,o. &e-& '"-'a dx,
d

(4)

(Ioa) 'a(g, )

where a is the absorption coefficient and d is the thickness
of a-Si:H. The validity of the assumption that interdif-
fusion can be neglected will be discussed later.

owe '" ' is the photon fraction absorbed at x, which is
defined as x =0 at the a-Si:H and SiOz interface and as
x =d at the opposite surface of a-Si:H. It should be noted
that the photoconductive sensitivity independent of the il-
lumination intensity cannot be defined because y is not
unity. The conductivity at x is given by
(Ioae ' "')ra (g). A function a (g) related to the sensi-
tivity at the place where the band is bent by tt is intro-
duced in order to clarify the mathematical procedures.
Only (Ioa Pa (P) has a physical meaning and is the photo-
conductive sensitivity. It has a dimension of (0cm)
Equation (4) is expressed as the integration over P and
then differentiated with respect to 1(„which is p at x =0,
to get the sensitivity as a function of P„
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ly weak illumination. The validity of this assumption for
this measurement will also be discussed later.

Photoconductive sensitivity is obtained as a function of
the Fermi-level position using Eq. (5) and an experimental
photocurrent for the 0.7 pm wavelength. The sensitivity
is (Ioa)ra(g), where Io 17——pW/cm and a=1.2&&10
cm '. The absorption coefficient is determined from the
transparency of a-Si:H films, which were deposited onto
SiO2 substrates simultaneously with FET sample films.
2V& is set to 10' cm eV ' using data from capacitance-
frequency technique, ' and 1/P~ is 0.1 eV, which was ob-
tained by measuring the space-charge-limited current
(SCLC) versus voltage. ' The gradient f3& of the exponen-
tial localized-state profile obtained by the SCLC method
is available for the energy region near the Fermi level. Be-
cause the level density must be continuous at the band
edge, the state profile should be steeper in the energy re-
gion just below the band edge. On the other hand, experi-
mental results on the dispersive transient photocurrent in-
dicate that localized-state distribution is exponential over
a wide energy range above the midgap. ' Thus we assume
that the exponential localized-state profile with 1/P& ——0. 1

eV is appropriate for this analysis, because the level densi-
ties at the midgap region, where the Fermi level lies, affect
the results of the analysis. The assumed localized-state
profile is shown in Fig. 4. The level density at just below
the conduction band, which is represented by a dotted line
in Fig. 4, does not affect the analysis.

The results of the analysis are shown by the solid line in
Fig. 5. The Fermi-level position is represented as
E~ —EF, where Ec is the conduction-band mobility edge.
The photoconductivity is (Ioa)ra (1t) [right-hand side of
Eq. (5)], where P=Fz Eo. Eo is the F—ermi level at the
flat-band voltage (Fc Fo ——0.7 e—V). The value of

=e ' (Ioa) a(@d)+d+F(P, )
S

dys&

where gd=g(d), y, =y(g, ), and yd
——y(gd). A detailed

derivation of Eq. (5) is presented in the Appendix. To ob-
tain Eq. (5), Eq. (3) is used, assuming that g(x) is invari-
ant by illumination. This assumption is valid if the num-
ber of photoexcited free electrons is sufficiently small
compared with the trapped electrons at the localized
states, because g(x) is obtained by the Poisson's equation,
in which the charge distribution is determined by the
trapped electrons [right-hand side of Eq. (2)]. Therefore,
it is necessary to carry out the experiment using sufficient-

Recombination
iQ

I I I I ! i i I I I I I I I l

Q Q.5 l.O l.5
ENERGY BELOW COND. BAND (eV)

FIG. 4. Assumed localized-. state profile and recombination
mechanism. Level density at 0.7 eV below the conduction band
is 10' cm eV ' and the gradient of the conduction-band tail is
0.1 eV which was measured by SCLC. Gradient of the valence-
band tail is 0.14 eV. Nonradiative recombination takes place
through the recombination centers caused by defects. Recom-
bination centers are located at 0.6 (Ref. 18) to 0.8 eV (Ref. 20)
below the conduction band.
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FIG. 5. Fermi-level position vs photoconductivity. Fermi-

level position is indicated by the energy below the conduction-
band edge. Experimental data were analyzed using Eq. (5) for
Ioo:=20 mW/cm . Solid and dashed lines indicate analysis re-
sults for 0.7 and 0.6 pm wavelengths, respectively. Results for
the 0.6-pm wavelength are renormalized to Ioo. =20 mW/cm',
in accordance with the n dependence of the photoconductivity in

Eq. (5).

Ec—Eo was determined by activation energy of the dark
conductivity because temperature dependence of the Fer-
mi level is very small for nondoped a-Si:H. ' The ob-
tained sensitivity depends greatly on the assumed flat-
band voltage. The flat-band voltage was determined so
that the sensitivity at Ec—EF——0.7 eV was equal to the
bulk photoconductive sensitivity measured using a-Si:H
deposited on a Si02 substrate with the same condition as
for FET samples. The bulk photoconductivity is
2.6&10 (Qcm) ' for an intensity of 17 pW/cm and a
wavelength of 0.7 pm. The flat-band voltage is —0. 1 V.
(Ioa) a(gd) was determined from the photoconductive
sensitivity at zero gate bias. The sensitivity is exponential-
ly dependent on the Fermi-level position. It should be
noted that this dependence changes with illumination in-
tensity because the photocurrent does not linearly depend
on the illumination intensity. Figure 5 shows the depen-
dence for Ioa =20 mW/cm . However, the principal
feature, that photocurrent increases monotonically when
the Fermi level becomes close to the conduction band, is
not changed by the illumination intensity.

The validities of the two assumptions made in the
analysis of experimental data are now discussed. First,
the interdiffusion of carriers along a depth x within the
carrier lifetime was ignored. If this interdiffusion is signi-
ficant, the experimentally observed photoconductivity
cannot be expressed by the integration of sensitivity distri-
bution along x as was done in Eq. (4). As the photoexcita-
tion intensity distribution along x depends on the absorp-
tion coefficient a, the results of analysis for two different
wavelengths, 0.6 and 0.7 pm, were compared. The sensi-
tivities obtained by analysis using Eq. (5) for these two
wavelengths will disagree if the interdiffusion is signifi-
cant. The absorption coefficient is 2.9/10 cm ' for a

wavelength of 0.6 pm. Photoconductive sensitivities, ob-
tained from experimental data for the 0.6-pm wavelength
and renormalized following the o, dependence of sensitivi-
ty in Eq. (5), are represented by the dashed-line curve in
Fig. 5. The good agreement between results obtained
from different wavelengths indicates that Eq. (4) holds
true. Second, the band bending g(x) was assumed to be
unchanged when weak illumination is applied. In the
present measurement the illumination intensity is 17
pW/cm and the photoconductivity is 6X10 (Qcm)
at Ec—EF ——0.4 eV, as shown in Fig. 5, for example.
This corresponds to a 3.7X10' -cm photoexcited elec-
tron density, assuming that electron mobility is 1 cm /V s.
On the other hand, electron density at the localized states
which determine band bending on the right-hand side of
Eq. (2) is estimated to be 1.9&&10' cm, using parame-
ters already mentioned. It appears that the Poisson's
equation is not affected by the photocreated free electrons
and that the band bending g(x) is invariant for weak il-
lumination in this experiment.

III. DISCUSSION

A. Sensitivity and illumination power dependence

The reduction in the y value has previously been ex-
plained by the transition from the monomolecular to the
bimolecular recombination mechanism. In this model y
should change suddenly from 1.0 to 0.5 when the recom-
bination mechanism changes and the phenomenon in
which y varies gradually and takes an intermediate value
between 0.9 and 0.3 cannot be explained. Furthermore,
the dependence of the sensitivity on the Fermi-level posi-
tion must change as a result of the transition in the
recombination mechanism in contradiction with experi-
mental results. In this section we calculate photoconduc-
tivity as a function of illumination intensity taking into
account the distribution of photoexcited electrons and
holes in localized and extended states. Figure 4 schemati-
cally illustrates the distribution of localized states and the
recombination mechanism. Two kinds of localized states,
which are exponentially profiled band-tail states and
recombination centers caused by defects, are considered.
In the calculation of photoexcited carrier distribution it is
sufficient to consider only the tail states because the level
density per unit volume is much larger than that of
recombination centers. The distribution of carriers in the
localized states is calculated from detailed balance assum-
ing a weak electron-phonon coupling for the multiphonon
trapping process by the localized states. The recombina-
tion centers play a dominant role in the nonradiative
recombination, and recombination is thought to be rate
limited by the hole-capture process of trapped electrons at
the recombination centers. The recombination through
other localized states is ignored.

The number of free electrons captured by the localized
states at energy E per unit time is given by

&cg (&)v.(&){fcf 1 —f(&)] e f(&)(1 fc))— —
(6)

e, —:exp[ —(Ec E)/k T], —
where Nc and g(E) are level densities of the conduction
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by equating (6) and (7). The capture rate of trapped elec-
trons by other localized states is neglected. The densities
of free carriers are the sums of the thermal equilibrium
density and photoexcited excess carrier density

Ncfc =n +Ncexp[ (Ec EF)—/kT]—,
Nv(1 fU) =p+Nvexp[ (EF Ev)/k—T],—

(9)

(10)

where n and p are the densities of excess free electrons and
holes and Ez is the valence-band energy. Ec—EF and
EF—Ev are assumed to be much greater than kT. Occu-
pation probability f (E) is obtained as

An —Bp + 1

nA (1—e, )+pB(1—e„)+1+ef
ef =exp[(EF E)/kT], —

Nv vi, (E) E EF—

band and localized states at energy E. The first and
second terms in (6) represent the number of trapped and
detrapped electrons, respectively. The notations fc and
f (E) represent the occupation probability of the conduc-
tion band and localized states at energy E, and v, (E) and
e, v, (E) are the trapping and detrapping rate of electrons.
Similarly, the number of free holes captured by the states
at energy E per unit time is given by

Nvg (E)vi, (E){f (E)(1 f, ) —e„f,[—1 —f(E)]I,
(7)

e„—:exp[ —(E Ev)—/kT] ~

where Nv is the valence-band level density and f„ is the
occupation probability of electrons at the valence band.
The value of vh(E) and e,vi, (E) are the trapping and de-

trapping rates of holes. At steady state the number of
captured electrons and holes by a localized state per unit
time must be equal to each other because the electron oc-
cupation probability is constant with time. Thus f (E) can
be represented as

N, v,f, +Nve„v„f,f(E)=
Ncv [e (1 fc)+fc]+—Nvvg(1 f, +eUf, )—

phonon coupling in a-Si:H is weak for the multiphonon
trapping process by the localized states. ' For weak cou-
pling, trapping rates are

v, (E)=v, oexp[ —HI (Ec E)—/fico],

v/, (E)= vh Oexp[ —&2(E —
E v) /~],

(13)

(14)
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where ~ is the phonon energy and 0~ and 02 are con-
stants. ' The optical phonon energy 0.06 eV of crystalline
Si is used for fico. As the hole- (electron-) capture rate is
very small for the localized states near the conduction
(valence) band, a detailed balance is achieved by balancing
the trapping and detrapping of electrons (holes).

Equation (12) was solved numerically for each excess
electron density n to obtain excess hole density p and
electron-occupation probability f (E) in the localized
states. The calculated occupation probabilities of elec-
trons and holes, f (E) and 1 f (E),—are shown in Fig. 6.
The parameters used are Nv/Nc=1. 0 vi, p/v p=SX10,
0I ——02 ——1.1, 1/132 ——0. 14 eV, and Ec Ev = 1—.7 eV. The
value of vi /o,vois consistent with the analysis of the tem-
perature dependence of the drift mobility obtained from
the time-of-flight experiment using weak electron-phonon
coupling for the trapping process by localized states. '

Other parameters were determined so that the calculated

Nc v, (E)B= exp
(
Nv vi (E)

Ec—EF
kT 10

Nv vi, (E)
Nc ve(E)

The approximations 1 —exp[ (Ec E~ )/k T]=—1 and—
1 —exp[ —(Ez —E& )]=1 are used to obtain Eq. (11). It
should be noted that f(E) of Eq. (11) is equal to the
Fermi-Dirac distribution in the dark (n =p =0). The
charge neutrality condition is

E
n —p+ I g (E)[f(E) fo(E)]dE =0, —(12)

I—
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where fo represents the Fermi-Dirac distribution.
The trapping process of free carriers is considered to be

a multiphonon process, and it is reported that electron-

FIG. 6. Calculated occupation probability distributions of (a)
electrons and (b) holes for E&—EF——0.7 eV. Excess electron
density n per conduction-band-level density X& is represented in
the figure.
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dn/dt =Ioa XRv, o, n (1 fz—) =0, —
and we obtain

(16)

Ipcx = ~&o nu o~pu&

o e nue +~hpuh
(17)

where %z is the recombination-center density and Ipo. is
the photoexcitation rate. The recombination rate [Eq.
(17)] is limited by the electron- or hole-capture rate,
whichever is smaller than the other type of carrier capture
rate. For o-&pu~ ~~o-, nu„ Ipa is proportional to n and
y= 1 in contradiction with the experimental results. This
corresponds to the monomolecular recombination. Thus
o.,u, n must be larger than or comparable with o.~ u~p.

The capture cross sections depend on the type of recom-
bination centers. If the recombination centers are donor-
like (acceptorlike), the ratio o., /oi, is about 10 (10 )

which is a typical ratio for capture cross sections of
charged and neutral centers. ' The relation between n and

p was calculated by solving Eq. (12) numerically. Then
photoconductivity was obtained as functions of illumina-
tion intensity from Eq. (17) for these two cases. First, we
discuss the case where the recombination centers are
donorlike. The case where the centers are acceptorlike is

y value agrees with the experimentally obtained y. The
obtained probability distributions are very reasonable.
The electron-occupation probability distribution at just
below the conduction band can be expressed as
exp[ —(E EF—, )/kTJ, and that for holes at just above the
valence band is exp[ —(EFt, E)—/O'I], where EF, and EFh
are the quasi-Fermi levels for electrons and holes, respec-
tively. For intense illumination intensity, EF, and EI;~
move toward Ec and Ez, respectively. The electron-
(hole-) occupation probability at the quasi-Fermi level of
holes (electrons) is reduced by illumination because the
summation of electron- and hole-occupation probability
must be 1.0. These fundamental features are invariant
with respect to the parameters used. It should be further
noted that the localized-state densities at just below the
conduction band and just above the valence band,
represented by dotted lines in Fig. 4, do not affect the cal-
culated results because f(E)—fo(E) is extremely small for
these states.

It has been reported that the recombination centers D2
caused by the dangling bonds dominate the nonradiative-
recombination process. ' For recombination through the
recombination centers, two important processes are free-
electron capture by holes at the centers and free-hole cap-
ture by electrons at the centers. In the steady state the
capture rates of electrons and holes are equal to each oth-
er,

v o' n (1

fthm

) = vg try pfg—
where f~, v„and vt, are the electron-occupation probabili-
ty at the recombination centers, thermal velocity of free
electrons, and thermal velocity of free holes, respectively.
The capture cross sections of electrons and holes are
represented by o., and o.&. The detrapping probability
from the recombination centers is ignored. In the steady
state excitation and recombination are balanced. Thus

discussed at the end of this section.
The calculated results are presented in Fig. 7. To ob-

tain the illumination intensity Ipa and the photoconduc-
tivity enpp from the values of p and n, the following con-
stants were used: i.e., X~ ——10' cm, a.~ ——5X10
cm, uI,

——10 cm/s, Xc——10 cm, and electron mobility

po ——1 cm /Vs. A typical cross section of 5)&10 ' cm
for neutral centers was used for crt, because donorlike
centers are neutral when they are not occupied by elec-
trons. The value of o., does not affect the results because
o.,n &)o~p and Ipa=Ãzo~u~p for the case where o., & oI, .
Therefore, the recombination rate is limited by the hole-
capture process of the recombination centers. A typical
spin density for nondoped a-Si:H was used for Xz. The
observed photocurrent was thought to be carried by elec-
trons at the conduction band. The calculated photocon-
ductivity in Fig. 6 increases monotonically with the reduc-
tion in Ec—EI: and is consistent with the experimental re-
sults. The ratio of photoexcited electron density n at the
conduction band to the total photoexcited electron density
depends on the Fermi-level position in the dark. For a
large Ec—EF, almost all the excited electrons are trapped
by the localized states. The ratio increases when Ez —EI:
is reduced because the localized states below the Fermi
level are already occupied at dark and cannot trap the
photoexcited electrons. Thus the fraction of excited elec-
trons which contribute to the photoconductivity increases.
This is the reason why the photoconductive sensitivity in-
creases when the Fermi level shifts toward the conduction
band.

The y value is plotted as a function of the Fermi-level
position in Fig. 8. The solid circles and the solid line
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FIG. 7. Calculated relation between photoexcitation intensity
and photoconduetivity for E~ —EF——0.2—0.7 eV. Photoexcita-
tion intensity is represented by two units, i.e., absorbed photon
density and energy at the wavelength of 0.7 pm. Corresponding
excess electron and hole densities are shown on the right-hand
and upper sides, respectively.
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FIG. 8. Fermi-level —position dependence of the exponent y.
Closed circles and solid line represent the experimental and cal-
culated results, respectively.
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The definition of y, tf and the relation y,fr=y, are dis-
cussed in the Appendix. Thus the y value at the Fermi-
level position EF is equal to the experimentally observed y
at gate voltage VG at which 1t, (VG)=EF Eo. On the-
other hand, the calculated y value was obtained from the
gradient of the lnIoa-inn plot in Fig. 6. When E&—EF is
as small as 0.3 eV, the calculated photocurrent does not
simply depend on photoexcitation intensity as (Ioa)~ but
the gradient of the lnIoa-inn plot increases for weak il-
lumination. In this case, the y value was obtained by
least-squares fitting in the region of Iota = 10 ' —10
W/cm . The agreement between experimental and calcu-
lated results is good. It should be noted that the y varia-
tion between 0.35 and 0.85 can be explained by the model
without assuming any transition in the recombination
mechanism. According to Rose's relation
y = Tc I( Tc+ T), y is 0.8 for Tc ——1200 K. A much
larger Tc must be assumed to explain the observed y
which is larger than 0.8. On the other hand, a y smaller
than 0.5 cannot be explained by the simple bimolecular
recombination mechanism. However, y larger than 0.8
and smaller than 0.5 can be explained by our model.

Let us consider the case where the recombination
centers are acceptorlike. As n is much larger than p,
o.

I, UI,p is not sufficiently larger than cr, v, n even if o.
I, /o. ,

is as large as 10, thus y is not equal to 1.0. The estimat-
ed y, however, is larger than that for the case of donorlike
recombination centers, and does not agree with the experi-
mental results. Moreover, the calculated photoconductive
sensitivity is much smaller than the observed one. Var-

represent experimental and theoretical results, respective-
ly. The experimental y value was obtained by the follow-
ing procedure. Differentiating lnP [P is expressed by Eq.
(4)] with respect of lnIoa, we obtain

dlnP 1 1 "
(d )y(Ioa)re r ' "a (g)dx

d ln(Ioa) P d

deny et a/. have observed deep levels with ol, ——10 ' cm
by the experiment of picosecond photoinduced absorption,
and have attributed the large cross section to the negative-
ly charged levels. ' From the results of our calculation,
we find that the reported negatively charged levels have
no significant effects on the recombination at room tem-
perature.

B. Comparison with doped samples

Anderson et a/. investigated doped a-Si:H photoconduc-
tivity. Although sensitivity increases as a result of light
phosphorus doping, it saturates and then decreases when
phosphorus is heavily doped to make E,—E~ smaller than
0.4 eV. On the other hand, sensitivity increases mono-
tonically when the Fermi level shifts toward the
conduction-band edge due to field effect in this measure-
rnent. These results indicate that impurity doping causes
defects which reduce the photoconductive sensitivity and
that purely Fermi-level —position effects on photoconduc-
tivity cannot be detected by impurity doping. Thus the
sensitivity saturation at E~ —E~——0.4 eV for
phosphorus-doped samples is not due to the Fermi-level
shift.

Anderson et a/. also have reported that the
illumination-intensity dependence factor y for photo-
current varies when the Fermi level shifts toward the con-
duction band due to phosphorus doping. They attributed
this phenomena to a change in the recombination mecha-
nisms because the sensitivity saturates at the doping level
where y changes. They further stated that a peak in the
localized-state density at 0.4 eV below Ez causes the
change in the recombination mechanism. Similar photo-
conductive data were reported by Vanier et al. The
latter attributed the maximum sensitivity at Ec—EF ——0.4
eV to the minimum point in the localized-state density
which lies 0.4 eV below E&. This is contrary to the report
by Anderson et a/. However, it is clear that the saturation
and decrease in sensitivity are due to defects caused by im-
purity doping, as already discussed. Sensitivity increases
monotonically when Ez —EF is reduced by the field ef-
fect. Furthermore, y varies gradually rather than abrupt-
ly as a result of the Fermi-level shift, as shown in Fig. 7.
It is thought that the change in the recombination mecha-
nism does not occur as a result of the Fermi-level shift
caused by the field effect. y varies with the Fermi-level
position, even if the recombination mechanism does not
change as already discussed.

According to the SCLC measurement, T& varies be-
tween 1200 and 300 K as a result of phosphorus doping.
As the y value is strongly affected by T&, the variation in
phosphorus-doped a-Si:H, which was reported by Ander-
son et a/. , is not due to the Fermi-level shift but due to the
change in the conduction-band-tail profile.

IV. SUMMARY

The Fermi-level —position effect on photoconductivity
in a-Si:H was investigated using MOSFET s. The Fermi
level was shifted using the field effect without causing any
changes in the localized-state profile. The sensitivity in-
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creases exponentially when the Fermi level becomes close
to the conduction band and does not saturate in contrast
to doped a-Si:H. The illumination-power dependence fac-
tor y of photocurrent varies with the Fermi-level position.

These features can be explained without making the as-
sumption that the recombination mechanism changes as
the Fermi level shifts. The recombination rate is propor-
tional to the product of free-hole density and trapped-
electron density at recombination centers, i.e., it is limited
by the capture process of free holes by trapped electrons at
recombination centers. The illumination-intensity depen-
dence factor y depends on the conduction-band-tail —state
profile and the Fermi-level position.
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APPENDIX

The derivation of Eq. (5) is presented in this Appendix.
Integration over x in Eq. (4) is transferred to integration
over P

ting

@(g„P)=(Ioa) ' (g) (A4)

we obtain

=+—(Ioa) 'tt (pd)
S F(gd) d s

+ —„(Ia) 'e ' a(q)y, —yad 1

F(1(,)

f (Ioa)~ay e r '" 'a (ttj) dg,
S S

(A5)

where Bx /d g = + I /&F (g) was used. The last term in
Eq. (A5) can be written as +y,rtaP/QF(g, ) because
Bx/Bg, =+I/+F(g, ) is independent of g, and y has a
weak dependence on t)'j compared with other factors. The
value of y, tr is almost equal to y, because a(g) is max-
imum at tt =lt, . Since

d=+ f,
"

(A6)
F(q)

is constant,

P =— I&a e '" "'a d
S

where y depends on l( and x depends on g and tt, as

(A2)

F(ttd )

d l(, F(l(, )

So (A5) can be written as

(A7)

A general formula,

dA
dtt, f~

&d OC+ f de, (A3)

=+ —„(Ioa) 'tt (ltd )
dP 1 1 yd

d, F(f, ) d

1——(Ioa) 'e ' a (l(, ) —y, aP

can be used to differentiate (A 1) with respect to f, . Set- Equation (5) can be obtained directly from (A8).
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