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Photoconductivity in relaxation semiconductors including certain amorphous materials
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Analysis of the intrinsic photoconductivity spectrum for a conductivity-locked relaxation semiconductor is

presented which provides a basis for extracting transport parameters from photoconductivity and absorption
measurements. Decreasing photoconductivity in the strong absorption regime, as is observed for a-Si:H
films, for example, is a predicted effect resulting from surface recombination.

The recent development of new growth and doping
techniques for amorphous semiconductors has led
to renewed interest in this class of materials. The
hydrogenated semiconductors a-Ge:H 2nd a- Si:H
are cases in point. With hydrogenation, the ex-
tended state or bandlike conduction properties of
these amorphous systems become directly dis-
played, and accurate and correct characterization
of transport processes is essential if the full po-
tential of these new materials is to be realized.
By considering these along with most other amor-
phous semiconductors to be examples of relaxation
semiconductors, we address this problem directly
and suggest a new technique for obtaining transport
parameters for such materials. A new and fund-
amentally different interpretation of observed be-
havior in materials such as g-Si:H emerges from
the present work.

Fast dielectric relaxation processes provide the
basic mechanism for maintaining local charge
neutrality in lifetime semiconductors. In relaxa-
tiqn semiconductors, ' ~ however, dielectric relax-
ation times. are large compared with carrier life-
times and local charge neutrality is controlled by
rapid recombination. This recombination is of a
particular type. It is @quillity recombination, or
recombination at centers which involves capture
of electrons and holes at equal total rates per unit
volume. With equality recombination, steady-
state photoconductivity in relaxation semiconduc-
tors is due mainly to an increase in mobile major-
ity-carrier concentration. This is in contrast to
the trap-free lifetime case, in which photoexcita-
tion produces an excess carrier plasma consisting
of equal densities of electrons and holes.

Recombination in illuminated relaxation semi-
conductors containing large densities of equality
centers gives rise to a linear conductivity-locked
mode of transport3'4 in which the equilibrium
(dark) conductivity ratio is maintained under ill-
umination. In this case, in the absence of an ap-
plied magnetic field, the properties of the photo-
generated electron-hole plasma are determined
by four transport parameters. These are a con-
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In the above expressions P is the quantum effici-
ency electron-hole pair creation, 4=+1,* is a
dimensionless absorption coefficient, Y, =y, /L*
is a dimensionless thickness, and S, and S2 are
surface numbers for the surfaces at y = 0 and y
= y„respectively. Other parameters have their
usual meanings as defined in Ref. 3.

ductivity-locked diffusion length I.~, surface num-
bers S, and S, (defined as the ratio of the carrier
recombination velocity to its bulk diffusion velo-
city) which characterize the plasma-surface inter-
actions, and the equilibrium conductivity ratio
K= o„/o~. This paper elaborates on an earlier
analysis' and suggests a method for obtaining val-
ues for all of the above parameters. The method
involves measurement of the steady-state photo-
conductance AQ and optical absorption coefficient
n at selected wavelengths in the strong absorption
regime. Measurements of this type are readily
obtained using standard experimental techniques
and the method, therefore, should be applicable
to a wide variety of relaxation-case materials.

We consider here a specimen of the type anal-
yzed in Ref. 3 having a thickness yo and unit dim-
ensions along x and z. It is assumed that the sur-
face at y = 0 is uniformly illuminated with Io un-
reflected photons per unit area, and that the pho-
tocurrent flows along x. For this geometry the
photoconductance may be expressed as

DG = bo'[C)(1 —e "0) +C,(e"0—1) + (1 —e "ro)/A],
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In Figs. 1—3, plots of AG vs- n are shown for
specimens of two different thickness and for dif-
ferent combinations of transport parameters as
indicated. The solid curves are plots of (1) and
have been displaced vertically by various amounts
for display purposes. In Fig. 1, photoconductivity
spectra for a1.0-pm-thick film having S&

——10 and

S,=1 are illustrated. Physically, these surface
numbers might apply for a film which has been
exposed to ambient impurities such that the re-
combination velocity for a carrier at the illumi-
nated surface is ten times its diffusion velocity.
Note that the photoconductance peaks and then
decreases in the strong absorption region in a
manner which depends on the magnitude of L*.
Equation (1) predicts a maximum in the photo-
conductance whenever S, &0. Recombination Pro-
cess at the illuminated surface are thus resPon
sible for the decrease in ho at large values of o. .
This conclusion is consistent with that of De-
Vore, 6 who earlier has presented a single-carrier
theory of photoconductivity. The dashed curves
in Figs. 1-3 correspond to spectra for S&

——0.
Figure 2 illustrates the effect of enhanced sur-
face recombination corresponding to S&

——200.
This gives rise to a larger decrease in photo-
conductance in the strong absorption regime as
indicated. Note also that for a &2x104 cm ' the
photoconductance curves for relatively large dif-
fusion lengths exhibit positive curvature. In con-
trast to this, the spectrum for L+ = 10 ecm shows
a much broader maximum and negative curvature.
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Such behavior is also illustrated in Fig. 3, which
shows spectra for a 10.0- p,m-thick specimen.
Note that the photoconductance maxima are shifted
to smaller values of n in this case, principally
because of the increase in sample thickness.

In the strong absorption regime AYO» 1, in which
case (1) reduces to
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FIG. 2. Photoconductance vs absorption coefficient for
1.0-pm-thick specimen having S& = 200, S2=1, and L*
equal to (A) 10, (B) 10, (C) 10 5, and (D) 10 cm.
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FIG. 1. Photoconductance vs absorption coefficient for
1.0-pm-thick specimen having S&=10, S&=1, and L*
equal to (A) 10 3, (B) 10 4, (C) 10 5, and (D) 10 6 cm.

FIG. 3. Photoconductance vs absorption coefficient for
10.0-pm-thick specimen having S&= 200, S2= 1, and L*
equal to (A) 10 3, (B) 10 4, (C) 10 5, and (D) 10 6 cm.



PHOTOCONDUCTIVITY IN RELAXATION SEMICONDUCTORS. . . 3315
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where b,G(A) is the photoconductance under illum-
ination at wavelength A. . Equation (6) can be used
to obtain values for S, and L*. The photoconduc-
tance ratios

R„=~G(X2)/~G(X, ), R„=t3G(X3)/~G(X, ) (7)

give two equations involving these parameters and
can be solved simultaneously. This procedure
yields

(Q 1 Q2)R3 ( + ('23 (X 1)R21 + (a2 —n3)

+3(n2 o1) 31 +2(+1 +3) 21 a1(+3 +2)

(8)

where ~„n„and n3 are absorption coefficients
for X» X» and X3, respectively. In addition, the
front surface number S, is obtained as

(1+A,)(1+A, )(1—R21)
(1+A2)R21 —(1+A1)

(9)

where A&
——n, L* and A, = ~,L~. With these para-

meters determined, (6) then can be employed to
obtain a, value for (1+K)2/2K, provided p is taken
to be unity. This is ordinarily a good approxima-
tion in the strong absorption regime. Note, how-

ever, that one need only assume constant rather
than unit quantum efficiency to obtain (8) and (9) .
A value for S, can be obtained by illuminating the
specimen surface at y =yp and repeating the above
procedure. In this way, all of the transport para-
meters which characterize the photogenerated
electron-hole plasma can be determined.

Note that in doped materials the diffusion length3
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The strong absorption condition corresponds to
carrier generation at the illuminated surface and
in the bulk but not at the back surface. Note,
however, that (5) contains S2 as a parameter,
which implies a continuing interaction with the sur-
face at y = yo. This interaction occurs because of
carrier diffusion. However, if the specimen
thickness is large compared to the diffusion length
L*, then Fp» 1 and sinhFp —coshFp»1. Under
these conditions (5) reduces to

&G = ept1ri3(1 —e '3), (12)

where p, 7 is the carrier mobility-lifetime prod-
uct. Equation (12) has been used, for example,
in the 'analysis of a-Si:H films ' which exhibit
photoconductance spectra of the type shown in
Figs. 1 and 2. To account for the observed de-
crease in photoconductance in the strong absorp-
tion regime it has been suggested'3 that P t2r var-
ies in this region by as much as an order of mag-
nitude. We wish to point out that (12) does not
satisfy the usual surface boundary conditions ex-
cept in the limit S, = S, =O. This limit cannot be
achieved even for specially prepared single-cry-
stal surfaces and cannot be justified for the amor-
phous state. Here, the observed behavior is
attributed to surface recombination processes in
a-Si:H. Indeed, the fact that the surface of thi.s
material may be modified such that S, &1 is a
direct indication of the high quality of the bulk.

Equations (8) and (9) hold also for linear trans-
port in lifetime semiconductors. For the trap-
free case, the photoconductance is again given by
(1), with

« = epl3(i2. + t2,) T[A/(1 —A')1,

whereas Acr reduces to

«= epi3t2 T„[A/(1 —A')],

where the subscript m refers to the majority
carrier. Thus the magnitude of the photocon-
ductance may increase appreciably with doping,
since v does, even though the material may still
be characterized by small L* such that the photo-
generated plasma is confined to a thin region at
and near the illuminated surface. This pheno-
menon is fundamentally different from the trap-
free lifetime case in which both types of photo-
generated carriers have a common lifetime.

The above analysis applies to high-resistivity
amorphous semiconductors which exhibit a photo-
conductance directly proportional to Ip and pro-
vides a method for characterizing both surface
and bulk properties of such materials. In parti-
cular, it provides a simple method for deter-
mining whether or not the very small diffusion
lengths which have been predicted2 for the amor-
phous state do indeed occur.

Other investigators' "have interpreted photo-
conductivity in amorphous semiconductors using
an equation of the form

which is the same for both tyPes of carriers, is
controlled by capture of the minority carrier,

where 7 is the excess carrier lifetime. In addi-
tion, L~ = (D*r)', where D* is the ambipolar
diffusitivity. ' For the large diffusion lengths
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which are typical of the lifetime case, (1) pre-
dicts a sharp peak in the photoconductance in the
vicinity of the absorption edge. This is the ob-
served behavior in many thick crystalline semi-
conductors ~3
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