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Spectral distribution of photomagnetoelectric and photoconductivity currents
in n-GaSe single crystals: Theory and experiment
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A model is presented by which the various transport parameters (ambipolar diffusion length, hole and
electron lifetimes, and surface recombination velocities) are obtained directly by fitting the experimental

photomagnetoelectric and photoconductivity spectral distributions. The model improves the one introduced by
Gartner, since it allows for difFerent hole and electron lifetimes and for anisotropy of mobilities. An

experimental application to n-GaSe is presented, and the results are discussed and compared with previous
ones.

I. INTRODUCTION

The photomagnetoelectric (PME) effect has been
largely used together with photoconductivity (PC)
measurements in order to analyze some tran-
sport properties of several semiconductor mate-
rials. '~ In these measurements, the short-cir-
cuit current or the open-circuit voltage of the
PME effect has been measured as a function of
different parameters, such as magnetic field,
intensity, and wavelength of the incident light. In
this paper we tried a different approach which
was suggested theoretically by Gartner, ' and which
has never been used experimentally. In this ap-
proach, spectral responses of the PME and of the
PC effect are analyzed as a function of wave-
length, in order to evaluate the transport param-
eters by a best-fit procedure. This procedure has
been applied to some n-QaSe samples.

The experimental spectra have been analyzed
using theoretical relations' suitably modified in
order to account for the different lifetimes of the
minority and majority carriers, and for the mo-
bility anisotropy of QaSe. The experimental data
have been fitted with theoretical curves, by using
the minority-carrier diffusion length, the hole-
electron lifetime ratio, and the recombination
velocity of the iQuminated surface as parameters.
From the obtained values of the parameters, the
electron and hole lifetimes were determined.

II. EXPERIMENTAL

The GaSe samples used in the present work have
been grown in our laboratory, from the vapor
phase, by using iodine as transporting agent. '
As grown samples, with surface area of about
0.5 cm' and thickness ranging between 17 and
50 pm, were used in the measurements. The
samples were always n type, with electron con-
centration, at room temperature, of about

10"cm '.'
Indium contacts were deposited by evaporation,

under a vacuum of about 2 x 10"' Torr. In order
to improve the contact quality, a thermal treat-
ment at 300 'C under N, atmosphere was carried
out in an infrared oven for few minutes. The
samples were placed in a magnetic field of 1.0 T,
supplied by a Bruker BM-8 electromagnet. They
were illuminated by a high-intensity Bausch-Lomb
monochromator equipped with a tungsten lamp.
The light beam was continuously monitored duriag
the measurements, by using an achromatic beam
splitter and a photodiode. The whole optical sys-
tem was calibrated, as a function of wavelength,
with a Spectra Physics power meter. The sample
contacts were suitably masked in order to avoid
photovoltaic effects. The PME and PC currents
were measured with a Keithley model 417 pico-
ammeter.

III. THEORY

The spectral distribution of the photomagneto-
electric effect and the photoconductivity, has been
theoretically calculated by Gartner' under the
following assumptions: (i) conditions of nonde-
generacy; (ii) absence of magnetoresistance;
(iii) local charge neutrality; (iv) absence of
boundary effects, i.e., the semiconductor slab
was taken as infinite in both the x and z directions,
x being the direction of the PME and PC currents,
y the direction of the incident light, and s the
direction of the magnetic field; (v) steady-state
conditions; (vi) small-Hall-angle condition; (vii)
small injection level; (viii) constant lifetime; and

(ix) dependence of the bulk generation rate on the

y coordinate only.
For many semiconductors, the local charge neu-

trality condition seemed too restrictive and some
authors have generalized the PME theory, intro-
ducing an unrestricted charge neutrality condi-
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aP/~, = Sn/r„, (2)

I' clearly assumes the meaning of hole-electron
lifetime ratio and w~ and ~„are the electrori and
hole lifetimes.

Taking into account the geometry used in this

tion. ' For Qase we have evidenced the presence
of trapping effects in the photoelectronic proper-
ties": then, the unrestricted charge neutrality
condition must be used in the spectral distribution
analysis. Furthermore, since QaSe is a typical
layered semiconductor, it displays anisotropic
transport properties and therefore, the equations
of the PME effect must be modified in order to
take into account this feature. ""We have calcu-
lated the PME short-circuit current and the photo-
conductance spectral dependence, using the same
assumptions of Ref. 5, but introducing the aniso-
tropy of the carriers mobility along and perpen-
dicular to the c axis, and the unrestricted charge
neutrality condition. Furthermore, in order to
take properly into account the presence of trapping
phenomena, the following relationship has been
used:

hp=l" 4n
which was deduced from a charge-balance equation
(see Ref. 14). In this equation d, n and Ap are the
excess electron and hole concentrations. In cases
of small injection, as the present one, one can
take e = 1. Since in steady-state conditions

experiment (light incident along the c axis, PC or
PME current direction and magnetic field direc-
tion mutually perpendicular), the continuity equa-
tion for electrons in. steady-state conditions can
be written a.s follows"

d2hn rhn j
D --D Z(X), (3)

where g(y) is the bulk generation rate and D, ) j,s
defined as follows:

D„=D„„(n,I'+P,)/(n, b„+P,),

where n0 and p, are the electron and hole concen-
trations at thermal equilibrium, b„ is the ratio of
electron and hole nobilities along the c axis, and

D„„ is the electron diffusion coefficient along the
c axis. With a newly defined L,)

= (D„&„)' ', Eq.
(3) is formally equivalent to the standard differen-
tial equation in absence of trapping effects. '
Clearly, I.„ is the minority-carrier diffusion
length when the majority-carrier concentration
largely exceeds the minority one. By applying the
usual boundary conditions, ' in which the new de-
finition of D„has been used, assuming the bulk
generation rate to be given by g (y) = Ice '", where
0 is the optical-absorption coefficient and I is the
incident flux density per second (cm ' sec '), and
the generation rates on the front and back surface
to be zero, the following solution can be obtained
for Eq. (3):

wI K (K-S,)(W'+S,)e "—(W-s, )(K+S,)e ~

D„W'-K' (W+S,)(W+S,)e~-(W-S,)(W-S,)e-

(K —S)(W-S)e~ —. (W+S)(IC+S)e~ . .( g )~)
(w+ s,) (w+ s,) e~- (w- sg) (w —s,) e ~

where the following dimensionless quantities have been used: W=n)/L„, 1'=y/L„, K=kn), S,=s,w/D„, and

S2 82 fU/D (, n) being the sample thickness, s, and s, the surface recombination velocity at the illuminated
and back surfaces, respectively. The solution for the case K= 1/L)) in which expression (5) assumes an
indeterminate form 0/0, is given in Ref. 5. The short-circuit PME current per unit width (A/cm)

Isc = —qD I (P,J.+ P ps. ) &l«( )n—)«(0)j

p„i and p~~ being the electron and hole mobilities perpendicular to c-axis, can be written by using Eq. (5)

K (K —S,) (W+ S,) (1 —e~)e "+(K+ S,) (W- S,) (1 —e ~)
W'-K' (W+S,)(W+S,)e~-(W-S,)(W S,Ie-~

(K —S ) (W —S,) (1 —e ~) e "+(K+ S,) (W+ S,) (1 —e )
(W+ S,) (W+ S,)e~ —(W —S,) (W- S,)e ))'

The photoconductance, per unit width to length ratio (mho), hG, can be evaluated as follows:
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and therefore, by using Eq. (5),

q (lL„,+ F p~,) ao'I K (K —S,)(W+S,) (e~-1)e «+(W-S, ) (K+S,) (e ~-1)D„(W2—Km) W (W+ S,) (W+ S,)e~- (W- S,) (W- 8,)e ~

(K —S,) (W- S„)(e~ —1)e "+ (K+ S,) (W+ S,) (e~- 1) W

(W+S,) (W+ S,)e~- (W-S,) (W-S,)e ~ K

It can be noted that, while the expression for
Is~ is formally equivalent to the standard one in
the case of charge neutrality, 4G depends ex-
plicitly on 1.

Moreover, in the case K» 1, W» 1, s, = s, = 0,
the expressions for Iac and 4G (or Ivc) are equal
to those reported in Ref. 8. However, the use of
two different lifetimes wpME and ~p~, as in Ref. 8,
is not suitable for the analysis of the spectral
distributions of PC and PME effects.

IV. RESULTS AND DISCUSSION

Figure 1 shows the experimental spectra of
short-circuit PME current and photoconductance
for sample 1. These spectra are similar to those
obtained from the other samples. The experi-
mental data were fitted with Eqs. 7 and 9, re-
spectively, by using a high-convergence mini-
mization procedure based on the y' method. " The
parameters used in the fit are W' and S, for Isc and

only D, = (p„~+ 1" lj.~~)/D„ for dG, since in this last
case W' and S, were extracted from the previous
fit. It was also assumed S, equal to zero, since
it was realized' that our Is~ curves were practi-
cally independent of S, and that also 4G curves
were compatible with this assumption. Moreover,
the values quoted in the literature have been used
for the absorption coefficient, "the ref lectivity, "
and for mobilities perpendicular to the c axis."

The analysis has been carried out in the 5200-
6200-A wavelength range: in fact below 5200 A,
the small injection condition is no longer ful-
filled, because the light is strongly absorbed in a
thin region near the surface. Above 6200 A, the
absorption coefficient starts to be dependent on
the impurity content of our samples.

In Table I, the values of the parameters directly
obtained from the fits both on Is~ and &G, are re-
ported together with errors and confidence levels.
From these data, the physical parameters L((
&~, 7„, and s, have been calculated as follows. The
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FIG. 1. Experimental
behavior of the dimension-
less quantity I /q(P &&+ Pp&)

BI~ and of the quantity
&G/q~ I as function of the .

wavelength X. Full lines
represent the best fit of the
experimental points, ob-
tained by using Eqs. (7)
and (9), respectively.
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TABLE I.Values of the parameters obtained from the best fit of the experimental spectra of Isc and AG. The confi-
dence levels (CL) of the fits are also listed.

Sample
Photomagnetoelectr ic

Sg Confidence levels
Photo conductivity

D~ (V ) Confidence levels

2

. 3

75.1 ~ 0.8
91.3+ 3.5
87.0+ 0.9
26.1+ 1.1

148 + 18
301 + 31

2,73 + 0.4
127 2 12

90%
60%
65%
85%

1899+ 144
1210+ 44

343 ~ 8
273+ 7

99%
99%
30%
30%

value of L„has been evaluated directly from W'.

The value of I' has been obtained from the param-
eter D„since in our samples n, =10"cm~»p,
and therefore from Eg. (4) Dg Dpg I' where D~„
is the hole diffusion coefficient along the c axis.
In this case, the Einstein relationship has been
used and p, „=215 cm'V"'sec '." Because L„
= (D~„&~)' ', v„and r~ may be directly evaluated.
Finally, use has been made of the relationship
s, = S,D„/w in order to calculate the surface re-
combination velocity.

Table II shows the values of L„, I', 7'~, ~„, and

s, calculated for various samples. A first ob-
servation is that Lil varies from sample to sample
and in all cases it is very short in comparison
with the sample thickness. This result is clearly
consistent with the previous hypothesis that back-
surface recombination velocity does not play a
significant role in the spectral distribution of the
PME effect. Secondly, also the value of I' varies
considerably from sample to sample, and in any
case I'« I (while for local charge neutrality
I'= I). This result supports the conclusion that it
is necessary to introduce different hole and elec-
tron lifetimes in order to analyze the PME effect
in GaSe.

The values of the electron and hole lifetimes,
even measured in relatively different physica1
conditions, can be successfully compared with
the values of trapping times measured on the same
samples with nuclear techniques. " In fact, in
these measurements, the hole trapping times
were much lower than electron trapping times
which were of the same order of magnitude as

those reported in Table II. It is not completely
clear why our results are compatible only with
time-of-flight values for the mobilities, but it is
possible that light could destroy the potential bar-
riers which, in the dark, are responsible for low
and field-dependent values of the mobilities.

Finally, also the surface recombination velocity
varies from sample to sample, being its average
value relatively low, comparable with previous
measurements, "and probably caused by the layer
structure of GaSe itself, which gives a large re-
sistance to adsorption contamination.

As a last remark, an interesting correlation may
be found between the PME results and growth or
doping conditions of the investigated samples.
Essentially, the former two samples were grown
with an I, concentration of 4 mg/cm~ in the am-
poule, while the other two samples were grown
with an I, concentration of 3 mg/cm'. The sharp
difference between the I' values is clearly corre-
lated with I, concentration, probably because the
iodine introduces a greater concentration of
minority-carrier trapping or recombination
centers.

Clearly, a detailed expression for I' could be
obtained if the parameters for the recombination
and trapping centers were exactly known. ' More
systematic analyses of these points are in pro-
gress.

V. CONCLUSIONS

A theoretical and experimental analysis of PME
and PC measurements in n-GaSe is presented for

TABLE II. Values of I
~(

I' Tp 7„and s~ calculated for the investigated samples.

Sample Lii (cm)

(0.226 y 0.002) x 10 4

(0.471 g 0.018) x 10+
(0.679 + 0.007) x 10+
(1.76 + 0.07) x 10"4

0,024 + 0.002
0.037 + 0,001
0.135 + 0.003
Q.171+ 0.005

v& (sec)

(9.2y 1.5) x10 ~~

(4.0y 0.6) x10 ~0

(8.3 ~ O.5) x 1O-"
(5.6 ~ O.7) x 1O-'

~„(sec)

(3.9 + Q.4) x10
(1.07 + 0.12) x ].0+
(6.2 + O.3) x 1O 9

(3.3 y 0.3) x10

s& (cm/sec}

(1.15+ 0.24) x 10
(1,46' 0.26) x 104

{3.5 ~ O.5}x1O'
(2.62 + 0.43) x 10'
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the first time, in which the various parameters
(ambipolar diffusion length, hole and electron
lifetimes, surface recombination velocities) are
determined directly by fitting the experimental
spectral distribution. The method displays some
interesting features, since (i) it takes into ac-
count trapping effects, allowing for different
lifetimes for electrons and holes; (ii) the small-
injection condition can be maintained in the whole
measurement, thus avoiding the need for mea-
suring PME and PC effects as a function of light
intensity; (iii) the method is inherently much more
reliable than previous ones"" in which the extra-
polation of Iso' and/or &G ' as a function of X '
was too much dependent on the exact behavior of
the absorption coefficient, particularly at short
wavelengths.

The results obtained for n-oaSe, even if in fair
agreement with previous ones, indicate clearly

that the ambipolar diffusion length and the carrier
lifetimes vary from sample to sample, being
correlated with the conditions under which the
samples were grown. A certain agreement has
been found with the results obtained by nuclear
techniques. " A more systematic work, both theo-
retical and experimental, is in progress, in

order to develop a general theory by overcoming
the small-injection condition and introducing a
variable carrier lifetime.
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