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Photovoltaic properties of anisotropic relaxation semiconductors
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A relaxation-case theory for the photovoltaic effect which occurs in anisotropic semiconductors is developed.
Expressions for the short-circuit photocurrent and open-circuit photovoltage, valid for linear conductivity-
locked transport, are obtained for the case of constant (depth-independent) conductivity anisotropy.

show that anisotropic relaxation semiconductors can generate large open-circuit photovoltages in some cases.
A material in which the anisotropy factor a varies with depth is also considered and several specific cases are
analyzed in detail. The properties of a new photovoltaic structure, an isojunction, emerge from this analysis.

The isojunction, a structure composed of two difFerent regions characterized by anisotropy factors of opposite

sign and containing an isoplane at which a = 0, possesses certain new and novel properties. This structure can,
for example, generate photovoltages of opposite polarity when illuminated with light of different wavelengths.

A new theory for the widely observed larger-than-bandgap "anomalous" photovoltages exhibited by many

obliquely deposited polycrystalline semiconducting films is proposed. The theory is obtained by considering
this class of photovoltaic films to be examples of anisotropic relaxation semiconductors. In a simple and self-

consistent way, the new theory accounts in detail for the various aspects of observed behavior and yields good
numerical estimates of photovoltages and photocurrents when relaxation-case values for parameters of the

theory are employed.

I. INTRODUCTION

van Roosbroeck has provided a new approach to
understanding electronic transport in amorphous
semiconductors by introducing the concept of the
relaxation semiconductor and describing' many
of its interesting properties. In addition, van
Roosbroeck and co-workers have analyzed' ' some
aspects of transport in crystalline relaxation semi-
conductors as well. These papers are concerned
with materials in which z &z„, where 7 is the car-
rier lifetime and y„ is the dielectric relaxation
time, whereas the lifetime semiconductor with v

&7.
& is the familiar type.
A principal result of the nonlinear large-signal

analysis is reeombinative space-charge injection.
Through single-carrier injection, a condition of
quasizero net recombination rate Q.= 0 can be
achieved on a local basis. Injection of minority
carriers into a relaxation semiconductor can ac-
cordingly lead to a substantial local depletion of
majority carriers since, in the region in which it
holds, the condition @=0 implies that the product
of electron and hole concentrations is approximate-
ly equal io its thermal equilibrium value (np =noPo).
Qn the basis of normalized continuity equations
solved by numerical procedures it has recently
been shown that the predicted van. Roosbroeck de-
pletion of majority carriers does indeed occur for
sufficiently large injection currents and whenever

In contrast to the lifetime case, the com-
puted characteristics for a pronounced relaxation
semiconductor show an extended region of injected
space charge characterized by Q = 0 which termi-

nates at a narrow recombination iron) (gp» pgopo)

where injected minority carriers recombine with
majority carriers. 6

van Hoosbroeck has proposed a model which
is based on the general properties of the relaxa-
tion semiconductor to account for the widely ob-
served switching effects exhibited by many amor-
phous semiconductor alloys. This model, in a
self-consistent way, accounts for the various prop-
erties which these materials display including a
small negative Hall coefficient, a positive Seebeck
coefficient, preswitching behavior, threshold
switching, the "blocked QN state, " and the field
effect. The detailed agreement with experimental
observations provides the strongest evidence that
this model is essentially correct.

Optical injection in relaxation semiconductors,
a process that introduces both types of carriers,
is the subject of a recent paper' which suggests
that under certain conditions such injection can
lead to a simple but particular type of steady-state
transport. In cases where carrier lifetimes are
not significantly altered by the illumination, the
steady-state conductivity ratio K= o„/o~ remains
essentially constant and a linear conductivity-locked
mode of transport can occur. Qn the basis of this
condition, a theory for the Hall effect, photoeon-
ductivity, the Dember effect, and the photomagneto-
electric effect was developed. This paper enlarges
upon the above presentation and analyzes in detail
a new aspect of relaxation-regime transport. In
Sec. II, an illuminated anisotxopic trap-dominated
relaxation semiconductor is considered. The dis-
cussion is thus limited to crystalline relaxation
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semiconductors.
When the surface of an anisotropic semiconductor

is illuminated with light, a carrier concentration
gradient forms normal to the surface and this is
accompanied by the diffusion of photogenerated
carriers into the bulk. As a consequency of anisot-
ropy, however, the diffusion of electrons may
proceed in a direction different from that of holes.
In this case, a photovoltaic effect occurs. A de-
tailed analysis of this effect in lifetime semicon-
ductors is available in the literature. ' Here, a
relaxation-case theory is developed. In Sec. II,
expressions for the short-circuit current I„and
open-circuit photovoltage per unit length V„, valid
for linear conductivity-locked transport, are ob-
tained for the case of constant (depth-independent)
conductivity anisotropy. These expressions show

that anisotropic relaxation semiconductors can
generate large open-circuit photovoltages in some
cases.

A semiconductor in which the anisotropy factor
a varies with depth is also considered and several
specific variations are treated in detail. The
properties of a new photovoltaic structure, an iso-
junction, emerge from this analysis. The isojunc-
tion, a structure composed of two different aniso-
tropic regions characterized by anisotropy factors
of opposite sign and containing an isoplane at
which a = 0, possesses certain new and novel prop-
erties which are pointed out in Sec. II. The ex-
tension of the theory to include anisotropic struc-
tures of increased complexity is also discussed.

The widely observed larger -than-band-gap
"anomalous" photovoltages exhibited by many
obliquely deposited polycrystalline semiconductor
films are discussed in Sec. III. A new theory for
this effect is presented here. The theory is ob-
tained by considering this class of photovoltaic
films to be examples of anisotropic trap-dominated
relaxation semiconductors. In a simple and self-
consistent way, the new model accounts in detail
for the various aspects of observed behavior.
Properties treated include, for example, the typi-
cally high resistivity which the photovoltaic films
display; the variation in short-circuit current and
open-circuit photovoltage with illumination inten-
sity; the saturation in open-circuit photovoltages
at illumination levels which vary in reverse order
of band-gap energies; the vastly different photo-
voltaic spectral sensitivities which films of a given
semiconductor exhibit; the one-to-one correspon-
dence between open-circuit photovoltage and film
resistance that is observed in some cases; the ef-
fect of through-the-substrate illumination on photo-
voltaic properties; the giant photomagnetoelectric
effect in CdTe films; the switching effects observed
in polycrystalline CdTe films and their implica-
tions,

II. THEORY

A. Conductivity-locked transport in trap-dominated relaxation
semiconductors

respectively. In the above expressions, C„and C~
are electron and hole capture coefficients, N is the
total density of acceptors, and n is the density of
charged acceptors. The steady-state nonequilib-
rium recombination rate in this case is given by

(R= C„[n(N —n) -ngn]= &n/7'„,

= Cq[Pn -P~(N —n)] = 5P/vq .
(2)

In (2), n and p are electron and hole concentra-
tions, n& and p~ are the corresponding mobile car-
rier concentrations with the Fermi level at the en-
ergy level of the acceptors, and 5n and 5p are con-
centrations of excess electrons and holes, char-
acterized by lifetimes v„and v~, respectively. In
obtaining (2), direct electron-hole recombination
as well as recombination at the donor centers has
been neglected.

Now, a trap-dominated relaxation semiconductor

In a lifetime semiconductor with negligible trap-
ping, excess carrier transport is number -density
locked. That is, the density 6n of excess electrons
is everywhere equal to the density 6p of excess
holes. The ratio 5n/&p = 1 is controlled by fast
dielectric relaxation processes which characterize
the lifetime regime and the distribution of excess
carriers can accordingly be treated as a quasineu-
tral plasma. This quasineutral plasma never forms
in a relaxation semiconductor. With ~& ~„, the
carriers recombine before it can be established.
In cases involving steady optical injection of car-
riers, however, an approximate state of overall
neutrality is maintained by fast equality recombi-
nation, that is, recombination of electrons and
holes at equal volume capture rates.

Conductivity-locked transport will occur in trap-
dominated relaxation semiconductors provided the
densities of neutral and charged equality centers
which control the recombination rate are not sig-
nificantly altered by the incident radiation. Such
a condition can prevail in a strongly trap-domi-
nated material even though appreciable modulation
in free-carrier densities may have occurred. Con-
sider, for example, the simplest case of a p-type
relaxation semiconductor with large concentra-
tions of deep donors and acceptors. In this case,
for a mobility ratio p, „/p~ & 1, a recombination
asymmetry will prevail with nearly all of the re-
combination events occurring at the acceptor cen-
ters. Under steady illumination and for acceptors
at a single energy level, the electron and hole cap-
ture times may be expressed as
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cn/cp +n~tn/(pp+tp) s (4)

where p, „and p.~ are electron and hole mobilities,
respectively. The concept of conductivity-locked
transport follows immediately from (4} for con-
stant carrier mobilities and capture times.

Carrier mobilities may be expressed as

p „=e7'&„/m„*= eL&„/(3kTm„*)

pp=e7pp/mp~= eLpp/(3kTmp*)

where Tf, I.f, and m* are the mean scattering
time, mean free path, and effective mass, re-
spectively. Single-free -path recombination in
strongly trap-dominated relaxation semiconductors
means

ftl —TgN ~ Tfp —Tgp e (8)

Using (4)-(6), the conductivity ratio may then be
expressed as

K= (Lp„/Lpp)

for this type of recombination. Equal-free-path

Yp
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FIG. 1. Geometry of specimen considered in. text.

is defined ' such that N —np» np» np, Pp, where
the zero subscripts indicate equilibrium values.
Then, provided np» n, P is maintained under il-
lumination, charge neutrality implies n= np and
N —n= N —np. That is, under such conditions the
illumination does n'ot significantly change the car-
rier capture times from their equilibrium values
even though appreciable mobile carrier modulation
(n, p» no, po) may have occurred. It then follows
from (2) that the excess electron and hole lifetimes
are unequal and constant, being governed by the
rate of capture of the respective carriers by the
equality centers. That is,

7„=v,„=tC„(N -no)], vp= v,p= (Cpno) . (3)

A similar argument can be made for recombination
involving equality centers at more than one energy
level and also for recombination at donor centers.
In all of these cases, carrier lifetimes that are
unequal and essentially independent of the illumina-
tion level result. "

Equality recombination, or recombination at
equal volume capture rates, means n/7, „=p/~, p and
thus the conductivity ratio may be expressed as

1 ap0
o'q=o'p ap*, 1 0

(0 o i)

a„0
cr„=o„a„* 1 0

ko Dif
(8)

In (8), ap=op„„/op, ag'= c~„/cp, a„=o„»/c„, and
a~= o „/e„are dimensionless hole and electron
anisotropy factors. They are zero for an isotropic
semiconductor. Carrier mobility tensors are

p,,= op/pe, ™p„=™cr„/ne,
where p and n are hole and electron concentra-
tions, respectively, and e is the (positive) elec-
tronic charge. With Boltzmann statistics, the cor-
responding diffusivities are

Hp = (kT/e)gp, H„= (kT/e) p„, (IO)

where k is the Boltzmann constant and T is the ab-
solute temperature.

We seek expressions for the short-circuit cur-
rent I„and open-circuit photovoltage per unit
length V„. It will be assumed that the specimen
is sufficiently trap dominated such that transport
in the steady state is conductivity locked. Let us
first consider the case of constant (depth-inde-
pendent) conductivity anisotropy. To first order
in anisotropy factors, this case is the phenomeno-
logical equivalent of the photomagnetoelectric
(PME} effect which is analyzed in detail in Ref.
7. Here we list only the principal results of this
analysis. For the geometry considered, the dis-
tribution of photogenerated holes within the semi-
conductor is given by~

5p =Spy(Cge +Cpe +e ),
where

equality recombination thus produces the X= 1 or
minimum conductivity state of the relaxation re-
gime, as has been pointed out by v» Roosbroeck. 3

States other than E= 1 occur for materials which
exhibit single-free-path recombination when car-
rier mean free paths are unequal. In the absence
of single-free-path recombination, the more gen-
eral expression (4) applies and determines the
conductivity ratio.

g. Illuminated anisotropic relaxation semiconductor

Let us consider an anisotropic relaxation semi-
conductor as shown in Fig. 1 having dimensions
xp, yp and unit width along z with the lower surface
at y = 0 subjected to steady uniform illumination.
We assume the semiconductor to be characterized
by hole and electron conductivity tensors a~ and o„
that are anisotropic in the xy plane and whose prin-
cipal axes do not coincide with the x and y axes of
the specimen. For small conductivity anisotropies,
such tensors may be expressed in matrix form in
the specimen coordinate system as
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I„=J L*,
V„=Z*/(~,Y, +Zg) .

(i6)

(16)

In (11)-(16), Io is the illumination intensity at the
y= 0 surface after reflection losses, n is the ab-
sorption coefficient, P is the quantum efficiency
for electron-hole pair creation, oo is the equilib-
rium conductivity, and X= o„/v~ is the conductivity
1'atlo. Also, L = (Dp Tp)—:(D„T„) 18'a conduc-
tivity-locked diffusion length, with

D~*= (kT/e) [2K/(1+ %)]p~,
D„*=(kT/e) [2/(1+%)] p,„.

A = nI. is a dimensionless absorption coefficient,
F= y/L* is a dimensionless length, and a= a~ —a„.
In addition, in (15) and (16), Z*= aZO* is a current
density for which

Zo = [ePAIO/(1 -A )][C1(1 —e "0)+C2(l —e"o)

-Pro) ] (»)
and Zo is a photoconductivity given by

(1+K) e pAL Io
2Z uZ'(1 —A')

-Al'0

Cg 1 —8 0+C2e —1 +
A.

In the above expressions

(S +A)(S +1)e"o —(S —A)(S —1) e ""0
2(S1S3+1) sinhFO+ 2(S1+S2)coshi"0

(S,+ A)(S, —1)8 o —(S —A.)(S,+ 1) c " 0

2(S1SR+ 1.) 8111hYO+ 2(S1+SR)coshYO

{20)

where 8, and S2 are dimensionless surface recom-
bination velocities, or surface numbers, at the
illuminated and dark surfaces, respectively.
These surface numbers are defined as

S= s,L*/D,*=s„L*/D„*, (21)

where s~ and s„are surface recombination veloci-
ties for holes and electrons, respectively. For a
strongly trap-dominated relaxation semiconductor,
surface numbers of order one are to be expected.

5pf = nPr~IO/(1 —A ) .
The corresponding distribution of photogenerated
electrons is simply 5n= (~„/v~)5p. The short-cir-
cuit current and open-circuit photovoltage per unit
length may be expressed asv

0 dipI = —gDp g — -- dY, (is)
o Y

—eD1*, f ooa(d5P/dY) dY
(1+x)L*f,"o~,dY

respectively. Using (11), the above expressions
reduce to

S= 1 corresponds physically to a carrier surface
recombination velocity s~, s„equal to the respec-
tive bulk diffusion velocity v& = D1*,/L*, v„=D„*/L*.
The surfaces of a X= 1 state amorphous semicon-
ductor, for example, might well be chara, cterized
by S= 1 since in this case the surfaces are not ap-
preciably different from the bulk.

Note, in particular, that (15) expresses a short-
circuit current I„which is directly proportional to
the illumination intensity Io. For small light in-
tensities, the open-circuit photovoltage V„given
by (16) reduces to

V'„= RoISO (small Io), (22)

where Ro is the specimen electrical resistance per
unit length in the absence of added carriers. At
large illumination levels, (16) reduces to

F.,= J'*/E f (lar ge I,) . (23)

where a*= a~ —a„*. The drift term in (24) takes
into account the presence of the internal field E„
which results from the anisotropic diffusion. This
term is zero, of course, under short-circuit con-
ditions since E„=0. its inclusion in (24) and in the
boundary conditions yields a, modified carrier dis-
tribution which leads to a transcendental equation
for V„. However, for small anisotropy factors
and short conductivity-locked diffusion lengths,
these solutions reduce to (11) and (16), respec-
tively. Further formulation will accordingly em-
ploy the carrier distribution (11).

Let us consider a structure in which the anisot-
ropy factor a varies linearly with depth [Fig.
2(a)]. In this case the anisotropy factor may be
expressed as

a(Y) = [(a, -a,)/Y, ]Y+a, ,

where a, and a~ are the values of a at the illumi-
nated (F=0) and dark (F= Fo) surfaces, respec-

Thus, the photovoltage saturates and is indepen-
dent of Io in this limit.

Note also that for the small conductivity-locked
diffusion lengths which are expected for a trap-
dominated relaxation semiconductor (L*=10 —10
cm), short-circuit currents will also be small.
Large open-circuit photovoltages may result, how-
ever, since Z f in (23) contains I.*as a factor.
These important properties of anisotropic relaxa-
tion semiconductors will be discussed in greater
deta. il in Sec. III.

Other types of conductivity anisotropies can also
be analyzed. Consider, for example, a material
in which the anisotropy factor varies with depth.
In this case, the hole continuity equation may be
expressed as

d 5P eL~E„d(a*P)
2Ir
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J*=
1 &~ fa&(C&+ Cz+ 1) —a~(C~ e + Cae + e )

(a.2, Yo)
+ [(a~ —a~)/1'0] [C~(l —e ) + C2(e —1)

+ (1 —e " ')/A]] . (26)

Q, l
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FIG. 2. Anisotropy factors for (a) structure in which
conductivity anisotropy varies linearly with depth, (b)
an abrupt a'-a isojunction.

tively. Solutions for the short-circuit current and
open-circuit photovoltage per unit length are readi-
ly obtained using (11), (13), and (14). These solu-
tions are given by (15) and (16), respectively, in
which

Next, consider a structure in which the anisot-
ropy factor changes sign, say, from a positive
value at the illuminated (K= 0) surface to a nega-
tive value at some depth. There will then be a
plane of isotropy, anisoplane, at some Y= Y,.
which defines the junction of these two different
regions. Let us call this structure which contains
an isotropic junction plane, an isojunction. The
anisotropy factor associated with an abrupt a'-a
isojunction is shown in Fig. 2(b). The above label-
ing scheme gives the sign of the anisotropy factor
in the order seen by a light beam as it passes
through the structure.

An illuminated isojunction produces a transverse
electric field and thus a photovoltage directly pro-
portional to its length. An isojunction has a basic
asymmetry which primarily depends on the rela-
tive magnitudes of a' and a and on the depth of its
isoplane. Because of this fundamental asymmetry,
an isojunction can generate photovoltages of oppo-
site polarity when illuminated with light of dif-
ferent absorption characteristics. In addition, its
spectral sensitivity to radiation may be entirely
different when the direction of illumination is re-
versed. Corresponding changes in the direction
of short-circuit current flow will also result under
these conditions. These novel properties of an
isojunction are shown schematically in Fig. 3.
Here, an abrupt a'-a" isojunction is illustrated.

Eoc Eoc

C
Oaaaem

Q

&sc &sc

FIG. 3. The illuminated
isojunction: Short-cir-
cuit currents I„and
open-circuit fields Eoe
are shown qualitatively
for cases of weak and
strong absorption of light.
Different open-circuit
circulating current densi-
ties develop in these
limits as shown.

WEAK ABSORP T ION STRONG ABSORP TlON



J. F. S CHE T ZINA 12

Open-circuit and short-circuit current densities
are shown qualitatively for cases of weak and
strong absorption of light, respectively. In the
strong absorption limit, illustrated behavior is
similar to that which occurs in the photomagneto-
electric effect. ' The isojunction produces a
transverse open-circuit field E„of indicated
polarity and an open-circuit circulating current
density results. Near the illuminated surface of
the a region, this current density is due mainly
to the anisotropic diffusion of photogenerated
electrons and holes and flows to the right as
shown. Deeper within the bulk, drift in the pres-
ence of the internal field E„dominates and the
current density reverses direction. Under short-
circuit conditions, the transverse field is zero
and a net current I„Qows to the right as indicated.
In the weak absorption limit and with a & a' in mag-
nitude, a polarity reversal in E„occurs and a
twin-looped open-circuit circulating current den-
sity develops. Net short-circuit current flow is to
the left as shown. Illustrated behavior does not
include surface effects, however, which can be
significant in some cases. Because of its funda-
mental asymmetry, the photovoltaic spectral sen-
sitivity of the ipojunction shown in Fig. 3 will be
entirely different when the direction of illumina-
tion is reversed. For a given source of radiation,
short-circuit currents and open-circuit photovolt-
ages of different magnitudes and/or polarities
may be produced in this case.

The properties of an abrupt a'-a isojunction
may be analyzed using (11), (13), and (14). Solu-
tions for the short-circuit current and open-cir-
cuit photovoltage per unit length are easily obtained
and are given by (15) and (16), respectively, with

8*= [eP2 Io /(1 —A~)] [a'(C~ + C2+ 1) —a (C ~ e

+C e +e " o) —(a' —a )(C e "'+C e~+e ""')]
(27)

for this type of structure. In the above expres-
sion, Y;. is the (dimensionless) depth of the isoplane
from the illuminated (Y=0) surface.

An abrupt isojunction is, of course, an idealiza-
tion. The abrupt change in the anisotropy factor
associated with this structure leads to a singulari-
ty in the drift term of (24) at the junction plane.
In reality, however, this change would ordinarily
occur over some finite distance. Accordingly, the
above analysis employs the more realistic diffu-
sive carrier distribution (11) in the integrations
specified by (13) and (14) but assumes constant
anisotropy factors in the two separate regions.
That is, the variation in the anisotropy factor net
the junction plane is neglected.

The properties of a linearly graded a -a iso-
junction can also be analyzed. In this case, the
appropriate /* is obtained by setting a~ = a' and a2

= a in (26). With this 8*, (15) and (16) give I„and
V„, respectively. In this way, a hierarchy of in-
creasingly complex anisotropic structures, such
as an a'-a -a double isostructure, can be defined
and treated.

We would like to suggest a method which could
be used to produce semiconducting structures of
the type described above. Two principal condi-
tions must be met for the present analysis to be
applicable: The semiconducting material must be
characterized by conductivity tensors of the form
given by (8) and it must be sufficiently trap domi-
nated so that the transport is conductivity locked.
It wouM seem that the preparation of polycrystal-
line films of appropriate semiconductors by means
of an oblique-vapor-deposition process could satis-
fy both of these requirements. Such a process
might induce nontypical crystal growth with close-
packed planes gradually tilting toward the vapor-
deposition direction and hence produce crystals
having the required anisotropy. In addition, such
nontypical growth might be accompanied by ap-
preciable densities of impurity and/or disorder-
induced localized electronic states. The material
would then be an anisotropic trap-dominated re-
laxation semiconductor and should exhibit an ex-
traordinary photovoltaic effect. Obliquely de-
posited semiconducting films have, of course, been
widely studied for many years. When illuminated,
these films produce large "anomalous" photovolt-
ages.

III. ANOMALOUS PHOTOVOLTAIC EFFECT

A. History

Semiconducting thin films which generate larger-
than-band-gap photovoltages have been the subject
of numerous investigations. The effect has
been observed in many semiconductors including

Ge ~ Si 7 ~ GaAs GBP ~ ZnTe
PbI&, Sb&S3, ' and Sb&Se3, when films of
these materials are prepared using an oblique-
vapor -deposition technique. Films prepared with
the vapor Qow normal to the substrate produce
little or no photovoltages. In cases where deter-
mined, the photovoltaic films are found to be poly-
crystalline and often display surfaces of a textured
nature.

The history of these photovoltaic films is some-
what bizarre, with the literature filled with many
seemingly contradictory observations. Different
researchers report photovoltages of opposite
polarity for films of a given semiconduc-

Some fQms are found to be quite
sensitive to radiation of near-band-gap frequen-
cy, ' while others display a spectral sensitivity
that increases monotonically with photon ener-
gy. ' ' Still others exhibit short-circuit cur-
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rents and open-circuit photovoltages of different
polarity in some regions of the spectrum. ' Q-
lumination of the films through the substrate quite
typically leads to an entirely different photovoltaic
response. ~9'3 Some of the films exhibit yhotovolt-
ages of opposite polarity in this case, while others
do not. Some specimens generate yhotovoltages
of hundreds of volts per centimeter film length
when exposed to intense white light. '8'~9 Others,
prepared under nearly identical conditions, show
little or no photovoltaic properties. Because of
the above observations, the photovoltaic effect
which these semiconducting films display has come
to be called the "anomalous" photovoltaic effect.

Several theoretical models have been proposed,
each of which explains certain aspects of the ef-
fect. However, none of these models can account
for all of the experimental observations. It is gen-
erally believed that the generation of large poten-
tial differences along the length of these thin films
must result from the addition of voltages from a
series arrangement of some kind of microele-
ments. Electron-microscopic studies " of
obliquely deposited CdTe show that these films are
composed of small, obliquely oriented crystallites
100-200 nm in size. These individual crystallites
may be the microelements involved. Two distinct
types of models have been proposed which are
based on the properties of microscopic "p-n junc-
tions" and Dember cells, respectively. In the
first of these models, the large photovoltages are
said to arise as the result of summing elementary
photovoltages generated at internal barriers or
junctions which may be Schottky barriersss or bar-
riers due to surface states4~ or grain bounda-
ries. ' '" These various models are commonly
referred to simply as p-e-junction models. 7 Ac-
cording to these models, each junction may be ex-
pected to generate a photovoltage given byav

(28)

where I„is the short-circuit photocurrent and I„
the reverse-bias saturation current for the junc-
tion. Various combinations of junctions, photo-
shunts, and bridges located at different depths
have been proposed ' to account for the complex
spectral sensitivity which some of the films dis-
play.

The second type of model which has been sug-
gested is based on the Dember effect in oriented
mierocrystals. ' ' ' ' According to this model,
each oriented Dember cell generates a photovolt-
age which may be expressed as~~

V~ = V~ —V, = (kT/e) [(1 —b)/(1+ b)] ln(a, /o~) . (29)

In the above expression, b is the ratio of electron
to hole mobility and the subscripts i and d refer
to parameters evaluated at the illuminated and

dark surfaces, respectively. It has been pro-
posed ' that surface recombination effects which
lead to "anomalous" photogenerated carrier dis-
tributions may be responsible for the photovoltaic
polarity and syectral sensitivity which various
films exhibit.

We would like to suggest a new model for these
photovoltaic films which is based on the properties
of an anisotroyic relaxation semiconductor. Zhad-
ko and Romanov have earlier suggested" that an-
isotropic diffusion may be the source of the anom-
alous photovoltages which the obliquely deposited
films display. In addition, Uskov and Petrov have
explained certain aspects of the effect in PbI2
films in a qualitative way on the basis of this mech-
anism and Genzow" has attributed the photovoltaic
effect in obliquely deposited Te films to the natural
anisotropy of this semiconductor. The model we
suggest combines the mechanism of anisotropic
diffusion with the properties of the relaxation semi-
conductor to obtain a theory which accounts for the
various aspects of observed behavior.

S. Isojunction model

The photovoltaic films are relaxation semicon-
ductors. The relaxation case may be expected
whenever sufficiently short carrier lifetimes oc-
cur in conjunction with sufficiently high resistivity.
In disordered materials containing appreciable
densities of localized electronic states, it tends
to be self-realizing: With large concentrations of
equality centers present, carrier capture times
are typically short and most of the carriers, at a
given instant, are localized at these centers. This
leads to high resistivity which, in turn, increases
the effectiveness of the now unscreened equality
centers. '~ With high resistivity, dielectric re-
laxation times are necessarily long. For a dielec-
tric constant of 12, the dielectric relaxation time
in seconds is approximately 10 ~3 times the resis-
tivity in 0 cm. The photovoltaic films, which have
resistivities - 10 -10 Q cm, are certainly relaxa-
tion semiconductors and must be analyzed as such.

All of the films that exhibit large photovoltages
are grown in a peculiar way: An oblique-vapor-
deposition process is employed. X-ray diffraction
studies ' ' have revealed how this process af-
fects film growth. In these studies, crystal growth
patterns of CdTe films prepared with the vapor
beam normal to the substrate were compared with
those grown using the oblique deposition technique.
Both types of films were found to be polycrystal-
line, with the crystallites yreferentially oriented.
The normal deposition produced small crystals
with (111)planes parallel to the substrate surface,
whereas the oblique deposition produced "remark-
able oriented growth"46 with crystal (111)planes
inclined toward the vapor source. This inclination
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TABLE I. Parameters used to obtain curves shown in
Fig. 4.

Parameter

Film thickness yo

Dark resistivity po

Conductivity ratio E
Anisotropy factor a

Surface number s Sf S2

Quantum efficiency p

Absorption coefficient 0.

Temperature T

Value

1.0 pm

2x10 0 cm

1.0
0, 1

1.0
1.0 carrier pairs/photon

2 x105 cm ~

300'K

was found to increase gradually with film thick-
ness. A mixed cubic-hexagonal phase was also
detected in some of the films. ' Recent electron-
micrographic studies of obliquely deposited CdTe
confirm the above observations. As has been
mentioned in Sec. II A, this is exactly the type of
crystal growth needed to produce an anisotropic
relaxation semiconductor. On the basis of this
evidence, the generalization we make is that all
of the obliquely deposited photovoltaic films are
like these.

The photovoltaic films are thus envisioned to be
composed of thousands of anisotropic crystals
which are the result of the oblique-deposition pro-
cess. Crystals within a given film will generally
be characterized by different depth-dependent an-
isotropy factors of a form determined by how each
individual crystal has grown. These films can,
however, be analyzed in a simple way by assigning
some average anisotropy factor to each. Such an
approach would seem appropriate since, with thou-
sands of crystals present in a single film, good
statistics will prevail and effects at the crystal
boundaries tend to cancel in any case. This is the
approach that will be employed.

A large majority of the photovoltaic films ex-
hibit the following properties: (a) high resistivi-
ty, ~4 2~ (b) short-circuit current directly propor-
tional to illumination intensity, ~6'~8'20'~2'25 (c) pho-
tovoltage directly proportional to film
length, ' ' ' '

(d) photovoltage directly propor-
tional to light intensity followed by saturation at
high illumination levels, ~ ' 6 (e) complex photo-
voltaic spectra, ~ I'30 (f) asymmetric spectra
w'hen illuminated through the substrate. 3'

These are the properties of an anisotropic trap-
dominated relaxation semiconductor. To illustrate
that such is the case, several types of film struc-
tures will be described in some detail.

First, let us consider a constant-anisotropy
film characterized by the parameters listed in

3000
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FIG. 4. Photovoltage versus light intensity for con-
stant-anisotropy film described in text when I* equals (1)
10 6, (2)5x10 6 (3) 10, (4) 5xl0 ~, (5) 10, (6) 5xl04,
(7) 10, (8) 5x103, (9) 10 cm.

Table I. The values chosen are thought to be typi-
cal of relaxation-case CdTe. A majority of the
experimental studies have been concerned with this
material. In this case, (15) and (16) apply with Jg
given by (18). In Fig. 4, computer-generated
theoretical plots of the open-circuit photovoltage
versus illumination intensity for this type of struc-
ture are displayed. The various curves shown
were obtained by using different conductivity-
locked diffusion lengths (L*=10 ~-10 s cm) in the
computation of (16). Note, in particular, that the
theory predicts large photovoltages in the small-
diffusion-length, high-resistivity limit. For large
values of L*, the photoconductivity increases
rapidly with illumination intensity, in accord with
(19), and V„quickly saturates. For small values
of po and L*, photogenerated electrons and holes
make a negligible contribution to the total conduc-
tance. In this case, V„ increases linearly with Io,
consistent with (22), and is small in magnitude
over the entire range of illumination intensities
shown. Thus, the generation of large steady-
state' photovoltages by an anisotropic semicon-
ductor occurs as an exclusive relaxation-regime
effect. The saturation of photovoltages displayed
by obliquely deposited CdTe films is observed" to
occur at illumination levels I 100~ 106~~ photons/
cm sec which is consistent with L*-5x10 —10
cm for this material. Diffusion lengths of this
magnitude imply extremelv small excess carrier
lifetimes —a key van Roosbroeck Pxedi ction and
one which the present analysis has consistently as-
sumed.
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FIG. 5. Spectral distribution of photocurrents generat-
ed by 1.0-pm-thick CdTe isojunction with F&/Fp equal to
(a) 0.1, (b) 0. 5, (c) 0.8, (d) l. 0. Current scale is 10 ~~

A/division (10=10 photons/cm2 sec).
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FIG. 7. Photocurrent spectra for l. 0-LLfm-thick CdTe
isojunction for which 8&=0.01, S&=1.0, and Fp/Fg equals
(a) 0.1, (b) 0. 5, (c) 0.8, (d) 1.0. Other parameters are
as for Fig. 5. Current scale is 2&&10" A/division (Ip
=10' photons/cm sec).
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FIG. 6. Photocurrent spectra for 0.1-pm-thick CdTe
isojunction with F&/F() equal to (a) 0.1, (b) 0. 5, (c) 0.8,
(d) 1.0. Current scale is 10 ' A/division Qp=10 6 pho-
tons/cm2 sec).

The constant-anisotropy structures of Fig. 4 are
symmetric and thus produce photovoltages of iden-
tical magnitude (but opposite polarity) when the
direction of illumination is reversed. More com-
plicated behavior results, however, when this
symmetry is absent. This is illustrated by the
curves shown in Figs. 5-8 which indicate the spec-
tral characteristics of an abrupt a'-a isojunction.
Parameter values (Table II) typical of relaxation-
case CdTe were used in (15) and (27) to obtain
these curves. Figures 5(a)—5(d) display the spec-
tral distribution of short-circuit currents generated
by a 1.0-pm-thick isojunction with F, /I's equal to
0. 1, 0. 5, 0. 8, and 1.0, respectively, for cases
of direct and reverse (through-the-substrate) il-
luminations. Note, in particular, that the re-
sponse of the isojunction is substantially different
when the depth of its isoplane is changed and when
the direction of illumination is reversed. The
photocurrents produced are directly proportional
to the light intensity. For Ic= 10's photons/cm sec,
the current scale of Fig. 5 is 10 ii A/division.
Currents of this magnitude are often observed for
obliquely deposited CdTe, and for many of the
other photovoltaic films, In Fig, 6 cox'x'espond-
ing curves obtained for a thin (ye= 0. 1 p. m) iso-
junction are shown. Other parameters are the



3348 J. F. S CHE T Z INA 12

Direct
I llumin o t ion

- ——— Reverse
I I lumin a t i o n

(b)

yo O. I ~m

I I I I
I I I I

(c)

I I I I I
I I I I

I I I I I, I I I I I

400 600 800 400 600 800
WAVELENGTH (nm)

FIG. 8. Spectral distribution of photocurrents for 0.1-
pm-thick CdTe isojunction for which S& = 0. 01, S 2= 1.0,
and F~/Fp equals (a} 0. 1, (b) 0.5, (c) 0. 8, (d) 1.0. Other
parameters are as for Fig. 6. Current scale is 2x10
A/division (Eo =10 6 photons/cm2 sec).

same as for Fig. 5. Note the differences in the
spectra shown in these two figures.

The properties of the isojunction also depend on
the nature of its surfaces. The asymmetry of this
structure is enhanced when its surface numbers
are not equal. This is illustrated by the curves
shown in Figs. 7 and 8 for which S& = 0.01 and S2
=1.0. Other parameters are the same as for Figs.
5 and 6, respectively. For Io=10I photons/cm
sec, the current scale is 2x10 Ii A/division. Sur-
face effects are expected to be more important for
thin specimens and a comparison of the spectra
of Fig. 6 and Fig. 8 shows this to be the case.
For these 0. 1-p,m-thick structures, surface re-
combination actually plays a d'ominant role in de-
termining the distribution of photogenerated car-
riers within the material in accord with (11). This
is illustrated by the behavior of the constant-an-
isotropy structures of Fig. 6(d) and Fig. 8(d).
With S, = 0. 01, the film of Fig. 8(d) generates posi-
tive-polarity photocurrents over most of the visi-
ble spectrum irrespective of the direction of il-
lumination.

The saturated photovoltages (Io & 10 photons/
cm sec) generated by the sixteen isostructures oi
Figs. 5-8, upon exposure to light of selected wave-

TABLE II. Parameters used to obtain curves shown
in Figs. 5-8.

Parameter

Dark resistivity pp

Conductivity ratio X

Diffusion length I
Anisotropy factors:

a'
a

Quantum efficiency P

Absorption coefficient 0.'

Temperature T

Value

2x10 0 cm

1.0

2x10 8 cm

0. 05
—0. 01

1.0 carrier pairs/photon.

Values for CdTe

300 'K

H, eference 34.

lengths, are listed in Table HI. Parameter values
of Table II together with (16) were used in the cal-
culations. Note, in particular, that large photo-
voltages result even for the relatively sm»& an-58

isotropy factors, a'=0. 05, a = —0. 01, employed.
These anisotropy factors correspond to diffusion
of electrons and holes at angles which differ by
about 2. 5' and 0. 5', respectively, in the two
separate regions of the isojunction.

The analysis of more complicated specimens,
such as an a'-a -a' double isostructure, is entirely
straightforward but will not be included here. The
properties displayed by the simple structures dis-
cussed above illustrate the point we wish to make:
A wide variety of behavior is to be expected of the
obliquely deposited films. Changes in growth
parameters such as deposition angle, deposition
rate, source and substrate temperatures, substrate
material, chamber pressure, and ambient impuri-
ties will all affect the isostructure of the crystals
formed and thus the photovoltaic properties of a
given film. An exact duplication of the growth tech-
niques and subsequent handling may be necessary
to produce films which display reproducible prop-
erties. Twenty-odd years of observations, how-
ever, suggest that this is virtually impossible:
Many of the obliquely deposited photovoltaic films
are essentially unique.

A remarkable correlation" ~ between the photo-
voltage and dark resistance of films of different
semiconductors illuminated at constant light inten-
sity has been observed. This aspect of behavior
is illustrated in Fig. 9 for Ge, ~ Si, 7 and CdTe. ~

Each set of data shown was obtained by measuring
the photovoltage and resistance of an individual
film at several temperatures. These observations
suggest that a single mechanism is responsible for
the photovoltaic properties of these different ma-
terials. None of the current theories have been
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TABLE III. Saturated photovoltages Pp & 10"photons/cm sec) generated by the isostructures of Figs.
5-8. Values in parentheses are for reverse {through-the-substrate) illumination.

Photovoltage (V/cm)

Isostructure
Fig. No.

5 (a)
5 (b)
5 (c)
5 (d)

6 (a)
6 (b)
6 (c)
6 (d)

7 (a)
7 (b)
7 (c)
7{d)

8 (a)
8 (b)
8 (c)
8 (d)

A =400 nm
e =2x10~ cm 2

26 (11)
54 {11}
54 (e. 8)
54 (- 54)

- S5 (-2.1)-11 (-49)
25 (—78)
4v (-4v)

67 (15)
92 (11)
92 (6. 8)
92 (- 54)

—14 (s.1)
40 (-30)
74 (- 55)
94 (—26)

X =500 nm
a. =9xiO4 cm '

-4. 7 (5, 3)
26 {4.5}
26 (- V. 5)
27 (-27)

- 2v (- ii)- so (-4v)
-5~ 2 (-5S)

22 (-22)

2o (5. s)
48 (4. 5)
48 (- V. 5)
49 (—2V)

—11 (-2.8}
14 (-19)
s8 (-2s)
62 (6. 6)

X= 600 nm
n=exiO4 cm '

—8 ~ 8 (3. 5)
16 {i.2)
18 (-11)
18 (-18)

-24 (- i4)
—24 (-46)
—14 (-46)

15 (-15)

8 ~ 4 (s. e)
s2 (i.3)
s4 (- ii)
S4 (-18)

—9.8 {-4.3)
v. s (- i5)
28 (- is)
53 (16)

~=700 nm
+=3.5x104 cm ~

-9.o (i.4)
6.3 (-2.4)
9.6 (- i2)
ii (-11)

—22 (- 16)- sv {-44)- 2o (-39)
s. 6 (-8.6)

1.8 (1.8)
17 (-2.0)
2O (-11)
21 (- 1O)

-8.8 (-5.5}
2. 1 (-11)

20 (-4.4)
46 (24)

—6.9
—1.5

2. 7
5.3

(- o. 9)
{ 4 4)
(- 9.1)
(- 5. 3)

-2o (- iv)
—39 (- 42)
-25 (- S4)
4.2 (-4.2)

-o. 5 (o. s)
6.2 (-3.1)
9.o (-v. 8)
12 (—4. 1)

—8. O (—6.4)
—1.5 (-7.8)

is (1.v)
40 (29)

A =800 nm
e = 1.7 x 104 cm

able to account for this simple aspect of behavior.
Here, an explanation is given: All of the films are
anisotropic relaxation semiconductors. Some may
be isojunctions or generalizations thereof. For
illumination levels which lead to small conductivity
modulation, (22) applies and predicts the observed
correspondence between photovoltage and dark re-
sistance, provided I„is temperature insensitive.
This is the observed behavior~ ' ~ of this param-
eter in these materials.

The ultimate state of a strongly trap-dominated
relaxation semiconductor is the K= 1 or minimum
conductivity state for which

~ t = 2&& e(pep ) (30)

where n, is the intrinsic carrier concentration at
a given temperature. %ith mobilities and diffusion
lengths expected to be small and about equal in all
such materials, the new theory predicts satura-
tion of V„ to occur at illumination levels which
vary in reverse order of band-gap energy in this
limit. This is the observed~ saturation order for
CdTe, QaAs, Si, and Ge at room temperature.
For a given semiconductor, the theory also pre-
dicts saturation in V„at smaller light intensities
as the temperature is decreased. This is ob-
served~6' to be the case.

Relaxation-case semiconductors characterized
by appreciable Hul/ mobilities can exhibit a
giant photomagnetoelectric (PME) effect. CdTe
appears to be one such material. PME photovolt-
ages as large as VO V have been reported3 for
obliquely deposited films of this semiconductor
at large applied magnetic fields. Fig. 10 shows

O.I—

O.OI—

I09 I 0 la

V IO R)
' V, IO-'R)
t»tl

I OI I

DARK RESISTANCE ( Q. )

FIG. 9. Photovoltage versus dark resistance reported
for Si (B,ef. 27), Ge (Ref. 18), and CdTe (Ref. 16).

the spectral distribution of photocurrents exhibited
by three such films. In Fig. 10(a) the "anomalous"
short-circuit current I„displayed by these films
in the absence of a magnetic field is shown. The
corresponding photomagnetoelectric contribution
I~«, obtained with the films in a transverse mag-
netic field by substracting away the anomalous
photocurrent, is shown in Fig. 10(b). None of the
current theories 3'3 ' ~ can account for these ob-
servations in a self-consistent way. Here, an ex-
planation is given: The films are anisotropic re-
laxation semiconductors with dissimilar isostruc-
tures, as is evidenced by the different spectra of
Fig. 10(a). An applied magnetic field introduces



J. F. 8CHE T ZINA

I.G—

0.8—
0.6—
Q 4—
0.2—
0.0

IZ —0.2—
u —0.4—

—0.6—

— i 0- I I I I I I l

500 600 700 800

l. O
t

0.6—
Q4'—

0.2—
0.0

an additional uniform anisotropy. To first order
in anisotropy factors the effects add, in which case

«tot=«sc+«x Mz ~

Vtot = V.c+ MME,

(31)

(32)

where Ip«and VpME a.re given by (15) and (16),
respectively. In these expressions, J*=aZo where
a is a magnetic anisotropy factor or Hall angle, ~'~

that is, a=8~+ l8„l, where 8~ and 8„are Hall
angles for holes and electrons, respectively. For
relatively thick films and whenever 8& =83, the
present theory thus predicts monotonic spectra of
the type displayed in Figs. 5(d)-8(d), which ac-
counts for the observations shown in Fig. 10(b)
for direct illumination.

The rlew theory ls aJ.so in accord with other ob-
served33 characteristics of the PME effect in this
semiconductor, including the linear dependence of
«&„E on light intensity; the linear variation of V&«
with magnetic field strength, which implies small
Hall angles and justifies the use of (31) and (32);
the saturation of V„and VpME at jdgygtjpgj illumina-

FIG. 10. Spectral distribution. of photocurrents generat-
ed by three CdTe films {Hef. 33): {a) "anomalous" con-
tribution, {b) photomagnetoelectri. c contribution.

tion levels. For thin specimens and whenever g
&S2, (15) predicts IpM p spectra of the type shown

in Fig. 8(d), which accounts for the recently re-
ported' spectra obtained for this type of sample
under direct and reverse (through-the-substrate)
illuminations. The condition S& &~~ is here at-
tributed to an anneal of the isostructure which pro-
duces a free surface (away from the substrate)
that is actually more ordered than the bulk.

Such annealing effects together with the incor-
poration of impurities within the isostructure are,
perhaps, responsible for the changes in photovoltaic
properties~ '~ which some of the obliquely de-
posited films display over extended time periods.
The incorporation of impurities such as ambient
gases may be expected to increase the density of
localized states which serve as equality centers in
the recombination processes. The dramatic in-
crease in resistance' exhibited by certain Ge
films upon exposure to O~ is, in fact, an external
signal of an internal transformation of these sam-
ples to a state deep within the relaxation regime.

Models based on the Dember mechanism lose
much of their appeal when the photovoltaic films
are recognized to be relaxation semiconductors.
Such models lead to predictions which are in direct
conflict with observations and cannot, in principle,
apply. The familiar expression (29) for the Dem-
ber effect is derived under the assumption of ex-
cess carrier neutrality (&n = 5P) and is only valid
for lifetime semiconductors which exhibit negligi-
ble trapping. The correct expression for a con-
ductivity-locked relaxation semiconductor is given
by~

V, = (I T/e) [(1- If)/(1+If)] ln[G*(0)/G*(r, )], (33)

where

G,*(r)= g, + [nPI, /(1-X')] (C, e '+ C, e"+e "")(34)

is the net rate at which mobile-carrier-space
charge is generated at the respective surfaces,

h a.o the thermal-equilibrium generation rate.
Now, the ultimate state Of a strongly trap-domi-
nated relaxation semiconductor is the K= 1 or
minimum conductivity state, for which the Dember
effect vanishes. Obliquely deposited films of Ge
and Si, two materials for which Dember models
have been suggested, ~ '~8' ' 8 often display resis-
tivities which are equal to and, in some cases,
greater than their amorphous counterparts, This
suggests that many of the films may be minimum
conductivity semiconductors and according to (33)
should exhibit no photovoltaic properties. But this
is completely contrary to the observations: Films
of highest resistivity quite typically display the
largest effects. In contrast to this, the theory de-
scribed here predicts a maximum photovoltage for
K= 1, other parameters being constant.
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The presence of p-z junctions or other types of
barriers within the films must also be questioned.
Their existence is inferred from a single experi-
mental fact: The obliquely deposited films are
highly photovoltaic. However, other aspects of be-
havior such as asymmetric and nonlinear current-
voltage characteristics, metallic-contact effects,
or the special dependences of photovoltage and
photoconductivity on illumination intensity which
are expected for such structures are not observed.
Rather, this class of photovoltaic films exhibits
high resistivity and Ohmic conduction at low and
moderate applied fields independent of the contact
electrodes 6' ' ' '~ ' ' 6 This is the expected
behavior for a trap-dominated relaxation semi-
conductor. A number of p-n-junction models have
been proposed ' ' ' ' 2 to account for the photo-
voltaic properties of CdTe films. However, none
of these models can explain the various observed
properties of this semiconductor in a self-consis-
tent way. 6' ' ' ' Nor can such models account
for the recently observed ' switching effect in

this material. These recent experiments, per-
formed on polycrystalline CdTe "sandwiches, "
have disclosed aspects of transport in one-to-one
correspondence with certain amorphous alloys. In
particular, preswitching I- V characteristics iden-
tical with those of the alloys were observed. This
preswitching behavior in the alloys is accounted
for on the basis of a field-assisted activation of
carriers, in which electron and hole conductivities
remain equal as they are increased. This is an
example of conductivity-locked behavior for K= I.

IV. SUMMARY

A simple approach is used to analyze the photo-
voltaic properties of anisotropic relaxation semi-
conductors. The characteristics of a new photo-
voltaic structure, an isojunction, emerge from
this analysis. A new theory for the larger-than-
band-gap photovoltages exhibited by many oblique-
ly deposited semiconducting films is proposed.
The theory accounts for the various aspects of ob-
served behavior in a self-consistent manner.
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