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Optical-bias-enhanced transient photocurrent in amorphous silicon
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Transient photocurrent in a-Si:H film is increased by a factor of more than 10 due to optical-bias
illumination. The transient photocurrent is found to decay exponentially shortly after the light
pulse is turned off. The exponential-decay time constant of the transient photocurrent, which is in-

terpreted as the lifetime of electrons trapped at the quasi-Fermi-level, is found to be proportional to
F ' (F is the optical-bias level) at room temperature. Enhancement in transient photocurrent
response may be understood as a result of partial saturation of the trap states in the band tail by the
optical-bias illumination. Because of the partial saturation of the gap states and the use of a weak
probe pulse, the system studied by this technique is in a quasi-steady-state with small perturbation
where experimental results can be interpreted with little ambiguity. This effect is applied to study
the density of the band-tail states of the sample as well as the process of charge recombination.

I. INTRODUCTION

Transient-photocurrent response in a-Si:H films with
coplanar electrodes has been widely applied to study the
transport of photoinduced excess carriers in amorphous
semiconductors. ' Dispersive transport in amorphous
semiconductors is generally interpreted in terms of the
multiple-trapping model. Although this model ap-
pears to account for many experimental data, ' some
difficulties arise. ' ' ' Since conventional experiments
on transient photocurrent are not studied in a steady
state and the system studied is extremely complicated, ex-
tensive work is needed to derive information such as the
nature and density of states (DOS) in the band tail from
the decay curve of the photocurrent. It is therefore desir-
able to develop a technique that can obtain information
on the DOS as well as the process of charge transport in
a quasi-steady-state where experimental results can be in-
terpreted with little ambiguity.

In this work we report the observation of optical-bias
enhancement of transient photocurrent by a factor of
more than 10 and the application of this effect to measure
the DOS. The process of recombination of charge car-
riers is also studied in this work. The observed enhance-
ment in transient-photocurrent (TPC) response may be
understood as a result of partial saturation of the trap
states in the band gap by the optical-bias illumination.
Because of the partial saturation of the gap states, the
system studied by this technique is in a quasi-steady-state
with small perturbation. Observation of optical-bias-
enhanced transient photocurrent also implies that the
time required to "thermalize" a charge carrier is much
shorter than the time of recombination. This result con-
tradicted with the conclusion of some earlier works. ' ''

It is also discovered in this work that transient photo-
current decreases exponentially with time several mi-
croseconds after the probe light pulse is turned off. The
decay rate of the transient photocurrent is found to be
sensitive to the bias illumination level as well as the tem-
perature. The exponential-decay time constant observed

in this work is interpreted as the lifetime of the electrons
trapped in the vicinity of the quasi-Fermi-level Efg,
which is determined by the rate of emission of electrons
trapped in the band-tail states and the rate of recombina-
tion of charge carriers in the conduction band. This
discovery is important in understanding the mechanism
of the process of charge recombination.

Transient photocur rent (with the Fourier-transform
method) and transient photoinduced optical absorption
with optical bias' ' have been studied. Moderate
enhancement (approximately 20% enhancement with
both the method of Fourier transform and the method of
using a 15-ns laser impulse) was reported by Pandya and
Schiff. ' A theory based on a saturated band-tail model
was proposed by Zeldov and Weiser' to explain the
inhuence of optical biasing on the transient-response ex-
periments of Pandya and Schiff as well as the decay of
photoinduced absorption in a-Si:H observed by Pfost,
Vardeny, and Tauc. ' Exponential decay was also pre-
dicted by Zeldov and Weiser with the saturated band-tail
model ~ However, the saturated band-tail model for un-
doped a-Si:H was later disputed by Comrad, Pandya, and
Schiff' and by Stoddart, Tauc, and Vardeny' because of
disagreement with their data. Nevertheless, exponential
decay of small-signal photocurrent on an a-Si:H sample
was reported by Ritter„Zeldov, and Weiser' with the
method of modulating 5% of an illumination beam by a
square wave. The decay time constant of 1.8 ps observed
in that work was interpreted as the carrier lifetime.
However, since the observation time span in that work
was only 5 ps, it is not clear that the system studied has
reached a steady state and the data can be fitted by only
an exponential curve. It is therefore important to per-
form a more complete study of optical bias enhancement
of the transient photoconductivity in a-Si:H.

In this work, optical-bias enhancement in transient
photocurrent is observed in a quasi-steady-state with
small perturbation. As will be discussed later, in most of
the reported work on transient photoconductivity, charge
carrier density created by the light pulse at its maximum
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OPTICAL-BIAS-ENHANCED TRANSIENT PHOTOCURRENT IN. . . 96S5:E—d(to) =E, k—T ln(vto) at t =to Since the most prob-
able number of release events for states above Ed is
greater than 1 at to it is reasonable to make the approxi-
mation that, at t = to, electrons above Ed are thermalized
and have a Boltzmann distribution. Similarly, states
deeper than Ed are unlikely to thermally release an elec-
tron at t =to, and electron distribution in these states
remains frozen into the initial form that parallels the den-

sity of traps. If we assume the DOS in the tail states is
of the form

g, (E)=(NL IkT, )exp[ (E—, E—)lkT, ],
here XL is the total conduction-band-tail state density
and kT, is the conduction-band-tail slope, the resulting
distribution of electrons is thus given by

p(Nt IkT, ) exp[ (E, —Ed)/—kT]e xp[(E, E)(1——a)/kT] (Ed &E &E, )

13(NL IkT, )exp[ (E, —E)/k—T, ] (E &Ed) . (4)

Here a=TIT, . The constant P is determined by the normalization condition that the total number density of the
trapped electrons

n, EdE (5)

is a constant For a pulse of Anite duration, distribution of the generated charge carrier trapped in the band-gap states
can be obtained from Eqs. (4) and (5) by integrating the charge distribution function over the duration of the pulse.

Optical-bias illumination will raise the value of the effective Fermi level for the trapped electron E«. For simplicity,
we can assume that all of the levels below E«are occupied and are not accessible to electrons injected by the probe
pulse. Since the capture cross section for states above E« is independent of E&,', we can also assume that the distribu-
tion of charge carriers n, (E) (for an extremely short pulse) above EI, has the form given above. Two cases should be
considered here.

CQse I. EI~ & Ed [shown 1B Flg. 4(a)]. In this case

p'(Nt IkT, )exp[(E, E)(1—a)—/kT]exp[ —(E, Ed )/kT] —(Ed &E &E, )

n, (E)=,p'(NLIkT, )exp[ (E, E)l—kT, ] (E&—, &E &Ed)
0 (E &EI, ).

With the normalization condition given in Eq. (5) the normalization constant P' is found to be

(6)

—(E —Ed )/kT —(E —E )/kT (g —(E —E )/kT (]—a)(E —E )IkTe ' " ' —e ' ~' ' — e ' " (1—e c d
)

1 a

Case II. E&, )Ed [shown in Fig. 4(b)]. In this case

p"(NL IkT, )exp[(E, E)(1—a)/kT—]exp[ —(E, Ed )lkT] (E—
&, &E &E, )

0 (E &EI, ).

With the normalization condition fz' n, (E)dE =N„ the normalization constant P" is found to beft

(9)

Transient photocurrent at t = to can be derived from the relation
EI —J n, (E)e(E)dE .
ft

Here e(E) is given by Eq. (2). Write I~ =I f z n, (E)e(E)dE where the proportional constant is I . Using Eqs. (6)—(9),ft
one has for case I (E&, & Ed )

c Ed )IkTc Ec E t kTc —(E —E )/kT (1—a)(E —E )/kTc d (1 c d

—(E —Ed )IkT c —(E —E)/kT d —(]+a)(E —E)/kT
kT . Ed Eft

—(E —E )IkT —(E —E )/kT Q —(1+a)(E —E )/kT —(].+a)(E —E )IkTe c d (1 e c d )+ (e c d c ft
1+a

(10)
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for case II (E&, )E„)

L c Ed )/kT c —a(Ec E )/kT

—(E —EI, )/kT

(1—a)(E —E )/kT

The above results show that I at t =to will first increase
slowly as E&, is increased until its value is increased by a
factor of approximately 1/a when EI, =Ed. The tran-
sient photocurrent I will then increase faster (approxi-
mately exponentially with a rate of exp[ (E-,

E«)(—1 a)/—kT]) as E&, is further increased.
For a pulse of duration To, the transient current gen-

erated I can be calculated by integrating Eqs. (10) and
(11) over the pulse duration To. In our experiment the
pulse can be approximated by a square wave. The in-
tegrated results for I plotted as a function of E&, with
the value a =0.77, 0.72, 0.65, 0.57, and 0.52 are shown in
Fig. 5. Experimental data with the value of the peak of
the transient current measured as a function of
kT ln(iblibo) (ib is the photocurrent due to the bias il-
lumination, ibo is an adjustable parameter) are also shown
in this diagram. Because the quasi-Fermi level for free
electrons in the conduction band EI„ is defined by

hX, ~ 6(Fbr) ~ b,(F'")~ 0.62Fb "ia.F, . . (14)

The corresponding change in E&, is determined from the
enhancement in the transient photocurrent I~. With
I —exp[ —(E, EI, )( 1 ——a ) /k T], one has

kT AIp
(15)

sections and p is the hole number density), the quasi-
Fermi-level for trapped electrons is always positioned
above (but may be close to) the quasi-Fermi-level for free
electrons. The value of kT ln(ib/ibo) is therefore a rough
measurement of E&, . For the sample used, ib is found to
be proportional to Fb (Fb is the optical bias level). The
experimental data plotted with EI, given by
0.9kTln(Fb/Fbo) is shown on Fig. 5 and is compared
with the theoretical calculation to give a rough estimate
of the value of a. The data fits very well to the curve cal-
culated with a =0.65.

The value of a can also be determined from a measure-
ment of the dependence of the exponential decay rate of
the transient photocurrent ~ on the bias illumination level

FI, . As shown in Fig. 6 r varies as FI, over the whole
range of the bias illumination level studied. When the
optical-bias level is changed by a small amount AF„ the
change in the number density of the trapped electron
AX, can be written as

n =N, exp[(E&„—E, )/kT], (12)

and the quasi-Fermi-level for the trapped electron is
defined by

At a high level of bias illumination I„varies as Fb (m is a
constant). As a result, one has

n +Rp =X,exp[(E« E, ) /kt ], — (13)

(here R is the ratio of the electron and hole capture cross

20.0-
(a)

15.0—

10—

U la

100

5.0 "

0.g 0.3 0.4
Quasi-Fermi-Level (eV)

0.5
a a a a $ a a a I a a a a a a a a a I a a a a a a a a a I a a a a a a a ) a I

a aail a i aa»l a a aaail
10 10 10

Optical-Bias Intensity (W/cm2)

a a 1 a a alai

FICx. 5. Calculated transient photocurrent is plotted as a
function of the optical-bias illumination level with the value of
a equal to (a) 0.52, (b) 0.57, (c) 0.65, (d) 0.72, and (e) 0.77. The
experimentally measured value of the transient photocurrent is
also shown in this diagram.

FIG. 6. The exponential-decay time constant of the transient
photocurrent is plotted as a function of the level of the optical-
bias illumination level. In a logarithmic scale, the data can be
fitted with a straight line of slope —0.38, indicating that
monomolecular recombination is the main recombination pro-
cess over the whole bias illumination range studied.
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mkT ~+b

With Eqs. (14) and (16), one has

g(Ef, ) =dX, (E~, )/dE

go. 62( 1 cx )

10is-

=const exp[ —0.69(E, Ef,—)/kT] . (17)

In Eq. (17) we have used the relation that
Efg const +0.9kT lnE. The value of a, 0.69, agrees
reasonably well to the estimated value of 0.65 derived by
the curve fitting of the data obtained in the I, versus

Efg const +0.9k' lnFb diagram shown in Fig. 5. The
value of +=0.69 is somewhat lower than the value re-
ported of approximately 0.8." ' However, since the
value measured in this work is the value of cx at E in the
vicinity of 0.25 eV, which is shallower than the region
measured in the reported work, there is no contradiction.

With a =0.69 the DOS can be derived from the
enhancement curve shown in Fig. 5. The number density
of electrons trapped in the tail states for various bias il-
lumination I'b is given by

Nb =fbi

1016

a

1.0 0.8 0.6 0Q 0.2

E,-E (eV]

FIG. 7. The value of the density of state determined in this
work with the assumption that v= 10' /sec is shown in curve d.
As a comparison, estimates for N(E) from Spear et al. (shown
as line a), Lang et aI. (line b), and Archibald et aI. (line c) are
also shown in this diagram. This diagram seems to indicate that
the correct value of v should be approximately 10"/s.

, fb =4Fb(1 —R )[1 exp(—ad )]/d .— (19)

f& TO (20)

f =@F~(1—R )[1—exp(ad )]/d . (21)

Here F is the probe beam photon Aux, and To, the pulse
duration, is approximately 0.3 ps. With the probe beam
intensity of 30 mW/cm and the bias beam intensity in
the range of 0.2—200 mW/cm, n is 10 ' —10 of nb.
Note that in previous works on transient photocurrent or

Here fb is the electron-hole generation rate (cm s ).
+ is the quantum efficiency of electron-hole pair genera-
tion by the incident photon which can be approximated
by unity. I'b is the incident photon Aux of the bias il-
lurnination, R is the sample surface reAectivity, a =7000
cm ' at wavelength 6328 A (Ref. 22) is the optical-
absorption coefficient and d is the film thickness. The
"trapped-electron lifetime" ~ is determined from the de-
cay rate of the transient current shown in Fig. 3. With
the corresponding change in the quasi-Fermi-level deter-
mined from the enhancement curve shown in Fig. 5, the
density of state g(E) =de�/dE«can be determined
directly. The value of the DOS, g(E), plotted in Fig. 7,
seems to be consistently lower than the value reported by
Spear, Lang, and Archibald. However, this calcula-
tion is based on the assumption that v=10' s '. An in-
crease in the value of v by a factor of 10 mill cause a cor-
responding change of approximately 0.06 eV in the value
of E.

The number density of charge carrier produced by the
probe pulse is given by

photoinduced absorption experiment with bias illumina-
tion the number density of charge carriers created by
each pulse (typically 50 pJ/pulse), ' n, is approximately
10 nb, and the system studied is not in a quasi-steady-
state.

8. Physical interpretation of the decay rate of
the transient photocurrent

The system studied in this work is in a quasi-steady-
state with small perturbation. The bulk of the charges in-
jected by the pulse is concentrated in the vicinity of the
effective Fermi level Ef, shortly after the pulse was
turned off and cannot immobilize into deeper levels. As a
result, the transient current must decrease only through
recombination with a constant rate determined mainly by
the bias illumination level, the temperature, and the
properties of the material. In this work a theory based on
the assumption of a Fermi-Dirac function distribution of
the trapped electrons under a bias illumination is ap-
plied to interpret the experimental data.

Theoretical calculations of the exponential-decay time
constant have been presented by Zeldov and Weiser' and
by Pandya and Schiff. In this work we will use a some-
what different approach to calculate the decay time con-
stant. This approach will enable us to interpret the time
constant ~ observed in our work as the lifetime of the
trapped electrons in the vicinity of Ef, . The theory
presented will show that ~ is determined mainly by the
rate of emission of electrons trapped in the vicinity of Efg
times the rate of recombination of charge carriers in the
conduction band.

With the standard multiple-trapping theory the rate
equations for free- and trapped-electron densities can be
written as follows:
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dn =g [n;e; n—(N; n;—)o;]+6—R,

nE.

=n(N; —n; )o; n—
, e, .,

(22)

then the Fourier-transformed function will show an ex-
ponential decay at a long time with a time constant deter-
mined by the bounds of the analytic strip. To obtain the
exponential-decay time constant we define ro '=5R /5n
and write

where o.; is the mobile-carrier capture coe%cient of the
ith trap, e; =e(E; ) the rate for thermal release of a mobile
carrier from the ith trap, and N; and n; the total and oc-
cupied density of the ith trap. The photogeneration and
recombination rates are denoted by G and R and the
free-electron density is n.

Simmons and Taylor solved the rate multiple-
trapping equations by using the detailed balance rela-
tions. The occupation probability for levels above the
dark Fermi level is given by

f(E)= (1+ ~'
)

n +Rp
(23)

Here R is the ratio of the traps capture coeScient for the
hole to that of the electron. Equation (23) describes the
steady-state solution for continuous bias illumination.
The response due to the small transient generation rate
56 impulse is given by differenting Eq. (22) (Ref. 26),

(5n ) =56 —5R
dt

—g I[5n(N, n, )o., ]——5n;(e, +no, ) I, (24)

d
(5n; )=5n(N; n; )o;—5n;(n—o, +e, )., (25)

5n ice++ (N, n; )o;—

where 6n and 5n; denote the photoexcited densities of the
free and trapped electrons due to 56(t), and 5R is the
corresponding change in the recombination rate. Rewrit-
ing the Fourier transforms of the above equations, one
obtains

5n /5G = ice +o,I dE g(E)[1 f(E—, E&, )]

i co+ no, +e(E)

(29)

Let co=i g be the first zero of the bracketed expression in
Eq. (29). I/g (=r) is then the exponential-decay con-
stant of 5n/56. Assume the trap's mobile-carrier cap-
ture coefficient o (E)=cr, is energy independent and with
g(E) given in Eq. (3), it is necessary to evaluate the in-
tegration

(E—E )/kT
e C C

(E—Efi )/kT

(E —Ef, ) /k T (E —E ) /k TdE
1+e ' km+no. , +ve

(30)

Equation (29) is obtained by Pandya and Schift'. In
the following we will demonstrate that contribution to
the integration comes mainly from electrons trapped in
the vicinity of the quasi-Fermi-level E&, . This result may
then be used in the interpretation of the time constant
measured in this work.

It is easy to see that the value of the integrand ex-
pressed above has a maximum value close to E&, . Since
the system studied in this work has reached a quasi-
steady-state, the emission and capture rate for electrons
must be equal under this circumstance [also remember
f (E«) =

—,
' ], or

n o, =v exp [(E. « E, ) /k T ]= e ( EIg )— (31)
=56—5R+Q 5n, (e;+no, ), (26)

5n;[iso+no, +e;]=5n (N, n; )o; . — (27)

5n ice+ f dEg(E)[1 f(E,E/„)]—

For simplicity the same symbols are used for the time-
dependent functions and their Fourier transforms in the
above formulas. After eliminating 5n; from Eqs. (26) and
(27) one finally has

With e(E) increasing fast as E is increased from E«
and [1—f(E)] decreasing fast as E is decreased from E&t,
it is clear that the integrand decreases fast (exponentially)
as E deviates from a value close to E&, . %e may define a
function F(x) by

(K —E )/kT (x —E )/kTft C C

F(x)=
(x —Ef, )/kT . (x —E )/kT1+e f' in+no, +ve

(32)

To find the maximum value of F(x), set dF(x)/dx =0 at
x =x . Ifm«no. , one has

i cocr(E)
ice+no (E)+e(E) exp[(x E)«/ k]T=(1 a—+)/(1 —a) = 3 . (33)

=56 —5R . (28)

Here it is assumed that all traps at energy E are identical
and the traps are continuously distributed. To obtain the
long-time behavior of the transient photocurrent, we
make use of the Fourier integral theorem. ' This
theorem states that if a function is analytic in a strip of
the complex plane parallel to and including the real axis,

Here n= T/T, .
As is expected, the maximum contribution to the in-

tegrand comes from regions close to E =E&,. In order to
give a physical interpretation of the decay time constant
let us temporarily replace the integration by the max-
imum value of the integrand times an "effective width"
AE. With the Fourier integral theorem and Eq. (29) we
get
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'g(E )[1 f—(E,E«)]cr,DE=so '[n cr, +e(E )]

N, in Eq. (34) is the total number of the trapped elec-
trons. Equation (34) indicates that the exponential-decay
constant ~ is determined by the rate of recombination of
free charges ~0

' and the rate of emission of electrons
from band-tail levels in the vicinity of E&, .

The integration in Eq. (29) can be calculated more ac-
curately by expanding F(x) in a Taylor series in the vi-
cinity of its maximum value x

F(x)=F(x )+—,
'F"(x )(x —x ) (3S)

Since F(x) decreases fast as E deviates from the value x
we can write

F"(x )
F(x)=F(x )exp —,

' (x —x )2
F x

Defining

B—:F"(x ) /—2F(x )

[2 /(1+ A )
—a/(1+ A )+a(1—a)],

(kT)

and integrating from x =0 to ~ one obtains

E

f F(x)dx =&a/BF(x ) . . (37)

'r N = ro cr e(E ) &o o' & exp[(EI E )/kT]

(34)

constant of the order of 1) if g (—:1/r) is small compared
to ro . The charge recombination rate ro in Eq. (39) is
determined by the processes of recombination. Two
cases will be treated here.

(1) Monomolecular recombination. The recombination
rate depends linearly on n (electron in conduction band)
but is independent of the trapped-carrier density. In this
case Ib ~R =n/~o=constgn 'n =constqn . The ex-
ponential decay time constant (r=g ') is found to vary
as Fb . With o.'=0.69, monomolecular recombina-
tion predicts ~ varies as Fb in the sample studied in
this work.

(2) Bimolecular recombination. In this case the rate of
recombination is proportional to the number of trapped
molecules (or R =no, Nt =ncJ, F„r, N, is the trapped-
electron density) and ro ' =o,Fb r. The exponential-
decay time constant ~ is found to be proportional to
(Fb n '

) ' . With a =0.69, bimolecular recombination
predicts ~ varies as Fb in the sample studied.

The experimentally measured exponential-decay time
constant ~ of the transient photocurrent is shown in Fig.
6 as a function of the level of optical-bias illumination.
This diagram indicates that ~ varies as Fb over the
whole range of the optical-bias illumination level studied.
With no noticeable change in the slope observed in the ~
versus Fb curve plotted in a loganthmic scale the experi-
mental result seems to indicate that monornolecular
recombination is the dominant recombination process in
the region studied. The slope of the curve also agrees
well with the prediction based on monomolecular recom-
bination process and deviate significantly from that based
on bimolecular recombination process.

1 1
a

(ncr, ) (38)

The exponential-decay constant q can then be determined
from

rl+ cr, gC( n cr, )

Here Cis a constant. With

(39)

and

no, =e(E ) =v exp[(E« E,)/kT]—
(E —E )/kT

Ec
dE

1+e(E—E )!kT

(E —
E&& )/kTc—(E —E~, )/kT

(E —E~, )/kT1+e

sine+
(no, ) (40)

it is easy to see that Eqs. (39) and (34) are equivalent (to a

As a result, the integration is determined mainly by
F(x ), which is

IV. CONCLUSION

In conclusion we have observed optical-bias enhance-
ment in the transient photocurrent in a-Si:H alms and ap-
plied this e8ect to study the electric properties of the
amorphous thin film. The transient photoconductivity is
studied in a quasi-steady-state, and the experimental re-
sult can, therefore, be interpreted with little ambiguity.
The density of the tail states g(E) is determined directly
from this measurement. This analysis is also applied to
study the rate of recombination of charge carriers in a
quasi-steady-state as a function of the quasi-Fermi-level
for the first time. It is found here that the transient pho-
tocurrent decays exponentially several microseconds after
the probe pulse is turned o6'. The exponential-decay time
constant is interpreted as the eQ'ective lifetime of elec-
trons trapped at the quasi-Fermi-level E&, . This time
constant is determined by the rate of emission of elec-
tl ons at Eft and the free-electron lifetime ~o. It is also
found that the exponential-decay rate of the transient
current ~ is sensitive to the optical-bias illumination level
and may change by a factor of 14 when the optical-bias
level is changed from 0.2 to 200 mW/cm . With ~ vary-
ing as Fb over the whole bias illumination range stud-
ied, results of this experiment indicate that monomolecu-
lar recombination is the main process of recombination of
charge carriers.
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