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Conditions for efficiency improvement and optimization in indium-tin-oxide/p-indium-
selenide solar cells are discussed in this paper. This aim is achieved by using low-resistivity p-
indivm-selenide and by incorporating a back-surface-field contact. This coniact is insured by a
p-indium selenide/gold barrier whose rectifying behavior is explained through the complex
impurity structure of p-indium-seienide. Electrical and photovoltaic properties of the cells are
also reported. The efficiency parameters under AMI1 simulated conditions have been improved
up to 32 mA/cm? for the short-circuit current density, 0.58 V for the open-circuit voltage, and

0.63 for the filling factor. As a result, solar efficiencies larger than 10% in annealed cells and
8% in unannealed ones have been attained. The limitations of these devices are discussed by
investigating the dependence of electrical and efficiency parameters in function of photon flux

and temperature.

[ INTRODUCTIONM

Among the layered semiconductors, indium-selenide
(InSe) is the most suitable for photovoltaic conversion be-
cause of its energy gap (1.3 eV} and its opiical and transport
properties.”? The largest solar collection for this semicon-
ductor has been obtained in indium-tin-oxide (ITQ)/p-InSe
solar cells in which the short-circuit current can be as large
as 25 mA/cm? (Ref. 2). The high resistivity of p-InSe'?
makes the filling factors lower than 0.4, and the compensat-
ed character of p-InSe limits the open-circuit voliage of 0.4
V. Therefore, the sclar efficiency remains below 4%.%”

The object of this work is to increase the efficiency of
ITC/p-InSe solar cells by improving its electrical param-
eters. In order to achieve this aim, we have used samples
from p-InSe ingots with lower resistivity, and we have incor-
porated a back-surface-field (BSF) contact to the cells. Part
of the results have been briefly reported before. ¥

The electrical properties of p-InSe samples used are dis-
cussed in Sec. L. Section IV is devoted to the electrial prop-
erties of Au/p-InSe barriers. In Sec. V we report the J(V)
and C(¥) characteristics of ITO/p-InSe/An devices, whose
photovoltaic spectra are reported in Sec. V1. Sclar efficien-
cies and limitations of the cells are studied in Sec. VII and
VIII, respectively.

H. EXPERIMENT

p-InSe crystals were grown by the Bridgmann method
from a polycrystalline melt of In, 5, Seq 45 containing doping
agents such as Zn, As, or Cd.” Table I (column 2} gives the
percent of doping agent used in each growth.

¥TO films were deposited by dc reaciive sputtering in an
air atmosphere (0.2 mm Hg) from a 95% indium-5% tin
cathode. The subsirate temperature was about 170 °C, and
the target voltage was 1200 V. For these conditions the resis-
tivity of the films is of the order of 107* {} cm, and the
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electron concentration is about 10°° cm ~*. The thickness of
the ITO layer was fixed at 65 nin for optimum antireflecting
effect.

A number of cells were vacuum annealed at 150 °C for
4-5 h after depositing I'TO, in order to improve the electrical
characteristics of the film. The upper tin grid and the back
gold contact were deposited by vacuum evaporation. Electri-
cal characteristics J( ¥} were measured with a curve tracer
designed at the laboratory and a Tektronix 5023 digitizing
oscilloscope. C{¥) characteristics were recorded at different
frequencies by means of a system imnplemented at the labora-
tory consisting of a 3311A HP function generator, a 181
FAR current-sensitive preamplifier, a PAR 128A lock-in
amplifier, and the Tektronix 5023 oscilioscope. Photovoltaic
spectra were measured by using a Jobin ¥Yvon H20 infrared
(IR) monochromator. The source is a halogen burner with
3000-K radiation temperature. The beam is chopped at a
frequency of 180 Hz by a PAR 125A modulator, and the
photovoltage signal is amplified with 2 PAR 1284 lock-in
meter. All spectra in this report are at constant incident pho-
ton flux with the photovoltaic response corrected against the
known absoiute response of a Ge cell. Solar efficiency was
measured under simulated AM1 flux and calibrated with a
standard silicon cell.

Hi. ELECTRICAL PROPERTIES OF p-InSe

As-grown InSe is always n-type with an electron con-
centration of the order of 10°° cim —>.%* Then p-type InSeis a
compensated semiconductor. Moreover, the high hole effec-
tive mass m¥ =~ 2m, {Ref. 9) leads to low hole mobilities
(about 25 cm?/V s) and kigh acceptor-level ionization ener-
gies (about 250 meV ).'° Then a high acceptor concentration
(N, = 5x 10" cm™?) is needed to get a room-temperature
hole concentration of 10'° cm ™ ®. Recent transport measure-
ments'! have shown that the actual ionized impurity concen-
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TABLE 1. Transport properties of p-InSe ingots studied in this work.

Ingot Boping Impurity content o1 Al ) £y P
number agent concentration (Q cm) (§} cm) (ecm®/V §) (em?/Y 8) (cm™3}
Previous Zn 2 10° sx 10t 30 .3 10
results
Present 595/155 Zan 1000 ppm 150 2300 21 1.3 2% 10%
work 498/73 Cd 0.93% 285 1300 22 5.0 10%%
507/81 Cd 0.93% 140 1500 25 1.8 1.8 0%
524/94 As 1.3 ppm 150 1050 28 4.0 1.5x10'
tration is, in fact, larger than 10" cm ™ because there exists C 2(V)y=(V—-V,)/qeNy, (})

a self-compensating mechanism that creates deep donors lo-
cated at about 0.6 eV above the valence band. A simple mod-
el for impurity structure in p-InSe is shown in Fig. 1.

This structure” seems to be the origin of the fact that this
semiconductor makes good rectifying barriers with low
work-function maierials (like ITO), as well as with high
work-function metals (fike Pt or Au). In the first case the
diode is a typical Schottky barrier with a depletion region
(negative space charge). In the second case the barrier
seems to be created by ionized deep donors, as we will discuss
in Sec. IV.

In spite of these difficulties it was possible to obtain p-
InSe with lower resistivity, as shown in Table f. These sam-
ples have resistivity along the layer, which has been reduced
by a factor of 10 with respect tc previously used ingots be-
cause of the increase of hole concentration. The resistivity
across the layers is lowered by a factor of 50. The predomi-
nant scattering mechanism in this case is the scattering by
potential barriers associated with planar defects parallel to
the layers (stacking faults or impurity precipitates).'” It
seems that an increase in carrier densities leads to lower bar-
rier height because of a screening effect, which would ex-
plain the fact that p| decreases more thanp, .

i¥. ELECTRICAL PROPERTIES OF Au/p-inSe
BARRIERS

Theinset of Fig. 3 shows the geometry of an Au/p-inSe/
Sn device, where Sn acts as an ohmic contact.

This device exhibits a rectifying J(¥) characteristic
(Fig. 2). The forward part is exponential with an ideality
factor that ranges from 1.6 to 2.2 and typical saturation-
current densities of the order of 10 A /em?. The junction is
forward biased when a positive voltage is applied to the Au
contact. It means that p-InSe acts in this device as if it was -
type. This is, in priaciple, possible because the work function
of Au is higher than the one of p-InSe. Nevertheless, the
barrier so created {electrons would go from p-InSe to Ag)
should be a hole accumulation layer with an ohmic electrical
characteristic. Thus the rectifying character of the Au/p-
InSe junction cannot be explained if p-InSe contains only
acceptor impurities.

An/p-InSe barriers exhibit a C(V) dependence typical
of a Schottky barrier. Figure 3 shows the C{(#) characteris-
tic corresponding to one of these devices made with Cd-
doped p-InSe. It clearly appears that the C(¥) curve obeys
the classical equation for abrupt barriers:

1478 J. Appl. Phys., Vol. 62, No. 4, 158 August 1987

where € is the InSe low-frequency permittivity, ¥, is the
built-in potential, and N is the impurity concentration of
the deep level. The parameters of the barrier in this case are
V=03V, N, =9x 10" cm >, and W=0.06 um.

As can be seen from these results, the ionized impurity
concentration is two orders of magnitude higher than the
hole concentration in the bulk material. The built-in poten-
tial makes the bulk material to be at an electrical potential of
0.3 V above the interface InSe/Au potential, which means
that space charge must be positive in the depletion zone.
Therefore, the ionized impurities skould come from a deep
donor level, and the barrier is formed because the electrons
from this level are transferred to the gold, which incurves the
bands so as to approach the Fermi level to the valence band.

The deep donor level predicted by Hall results is then
confirmed by the electrical behavior of the Au/p-InSe bar-
rier. This deep donor level appears in InSe independently of
doping agent, and then the self-compensating mechanism
seems to be an intrinsic response of this material when accep-
tor impurities are added.

V. ELECTRICAL PROPERTIES OF THE CELLS

According to the last discussion, the band scheme of
ITO/p-InSe/Au solar cells would be the one shown in Fig. 4.

T Eo
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N 107 em 18 meVY Ep
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Biyo= I3<E-Ep= 45<®, =48 eV

FIG. 1. Band structure model for p-InSe showing impurity levels; ¥, and
E,,: the concentration and energy of the shatlow donor level; N, and E,: the
concentration and energy of the deep donor level; N, and K, : the concen-
tration and energy of the acceptor level; and £, K, E,, and E,: the energies
of vacuum level, conduction band, Fermi level, and valence band, respec-
tively.
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The ITO/p-InSe contact is a typical Schottky barrier. If all
impurity levels are cccupied, then the donors are neutral,
and the acceptors are negative, which results in a negative
space charge. In the p-InSe/Axu contact all impurity fevels
are empty; then the donors are positive and the acceptors are
neutral, which results in a positive space charge. Therefore,
this contact creates & back surface field.

Figure 5 shows the J( V) characteristics in the dark of an
oid ITO/p-InSe:Zn/In cell {(curve a) and two of the best
ITO/p-InSe:As/Au cells (curves b and ¢). In Table II we
have listed the electrical parameters 4, J,, and R, for these
cells and several others as computed from a fit to the equa-
tion

V=dkT/gin(Jf/J, + 1) +JR,. (2}

The improvement in the electrical characteristics in the
new cells with respect to the old onesis clear: (1) The satura-
tion-current density of the ITO/p-InSe/Au cells has been
decreased by nearly two orders of magnitude because of the
back-surface-field contact. {2} The low resistivity of the p-
InSe ingots used results in a reduction of series resistance K
by more than 40 times. The poorest electrical characteristics
correspond to cells prepared with Cd-doped material. On
the otber hand, annealing does not apparently improve the
electrical parameters of the celis (curve b in Fig. 5}.

An analysis of J{ ¥} characteristics in the dark with in-
creasing temperature from 20 to 80 °C has been made in or-
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der to study the variation of saturation-current density J,.
The arrhenius plot of 7, versus the inverse temperature gives
an activation energy of about 300 meV. This behavior indi-
cates that the saturation current is controlled by a genera-
tion-recombination process due to deep levels in the deple-
tion zone. A quantitative analysis is not possible without a
more precise model of impurity levels in this material.

A typical C (¥} plot, recorded at 100 Hz, of ITG/p-
InSe:As/Au devices is shown in Fig. 6. It also obeys Eq. (1),
where ¥V, must be substituted by &, . The electrical param-
eters of the barrier are ionized-acceptor impurity concentra-
tion, N, ~2 x 10" cm ™, built-in potential, ¥,; 0.8 V, and
space-charge width, W=0.7 um. As can be seen from these
resuits, the ionized-acceptor impurity concentration is of the
order of the hiole concentration in thermal equilibrium in the
bulk material. The ITQO/p-InSe barrier is forward biased
when g positive voltage is applied to the ITO contact, and
therefore, the results are consistent with the impurity model
proposed in Fig. 1 and band scheme in Fig. 4.

Figure 7 shows the capacitance at zero bias versus fre-
quency for two ITO/p-InSe/Axu cells. Its dependence with
frequency reveals the presence of several deep levels, the
transition frequencies between constant capacitance regions
corresponding to the emission rates'® of these levels. These
curves confirm the complexity of impurity structare in p-
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TABLE I Electrical parameters 4, J;, and R, for several ITO/p-InSe so-

lar cells.
Js Rs

Device (uA/em?) A4 (€ cm®)
Previous 4 1.6 60
results
5Z-5 0.14 2.05 2.1
PCdl-13 2.4 2.4 3.0
PCdz-1 3.8 2.88 2.9
6A-2 0.038 1.7 1.4
10A-27 0.35 2.2 20

2 Annealed at 150 °C.

InSe. The energies and cross section of deep levels have been
measured by deep-level transient spectroscopy and will be
reported elsewhere.!*

C(¥) characteristics are frequency dependent. In a
wide range of frequencies one cbserves an increase of the
apparent built-in potential and the slope of the C ~(¥)
curve with increasing frequency, consistent with the fact
that deeper levels cannot foilow the higher frequencies.’®

In a narrow range of frequencies where zero bias capaci-
tance is constant, only the apparent built-in potential
changes, as shown in Fig. 8 for a ITO/p-InSe:Cd/Au cell.
This effect is due to series resistance, and the actual built-in
potential is related to the apparent one through the equa-
tion'

V,, = Vi — geN. 7w’ (3)

& and V,; are the apparent and actual built-in potentials,
respectively, ; is the ionized impurity concentration, 7 is
the series resistance in the bulk material, and w is the fre-
guency.

In the inset of Fig. 9 the variation of the apparent built-
in potential V¢ vs w® is shown, and we can see that the
extrapolation of the resulting straight line gives the actual
built-in potential ¥, = 0.65 V. If we add to ¥,; the energy
distance between the valence band and the Fermi level
{about 300 meV ), we can estimate a barrier height of the
order of 0.95 eV for the ITO/p-InSe:Cd junction. The C(¥)
characteristics also indicate that As-doped InSe gives higher

VG (108t F2)
P &

1

i

o
(%]

1.0

0
Yivolts)

FIG. 6. C ~2(V) plot for several ITO/p-InSe:As/Au devices at 100 Hz;
curve a: 8A-6; curve b: 8A-2; and curve ¢: 8A-4.
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FIG. 7. Capacitance versus frequency at zerc bias of two solar cells, (a) 8A-
5 and (b) PCd2-1.

er buiit-in potentials with ITO (¥; <0.8 V) than Cd- or Zn-
doped InSe (V;<0.65V).

As regards annealing, it does not seem to affect the bar-
rier parameters of ITO/p-InSe:As junctions.

Vi. PHOTOVOLTAIC PROPERTIES OF ITO/p-InSe/Au
CELLS

A simple form to compute the external spectral response
in our devices can be derived by integrating the number of
photoexcited carriers that reach the junction.'® The lower
the recombination velocity at the back contact, the better
this aproximation, which can be used in our case because of
the presence of a BSF contact (zero recombination veloc-
ity).

In the calculation the contribution of light reflected
from the back surface is taken into account by assuming the
Au electrode to be totally reflecting. The ITO film is as-
sumed to be transparent in the wavelength region between {
and 3 eV. The surface effects have been accounted for by
introducing a perturbed layer of thickness § that does not
contribute to the photocurrent. Then the external quantum
efficiency of the devices is given by

&
ﬁu_ 2 N
£
qz? - 108
o
Qi -
i -
[l
0 18

0
Vivolts}
FIG. 8. C "% V) curves of the PCd2-1 device for several frequencies: 700,

800, and 1000 Hz. The inset shows the apparent built-in potential vs square
freguency.
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FIG. 9. Photovoltaic spectra for three devices; curve 1: 1Z-G; curve 2: PCd1-
13 (507/81 ingot}); and curve 3: PCd2-1 (498/73 ingot).

7(hv) = [1 — R{(Av)]{exp( — ad) — exp( — a W)
+ exp( — 2ae) [expla W) — expl(ad) ]
+al /{al + 1) {exp{ — aW)
—exp| —ae — (e — W)/L1}
+aL /{aL — 1) exp( — ae}{exp[ (W —e)/L}

—exp{ —ae +aW)}), (4)

where L is the minority-carrier difussion length, & is the per-
turbed layer thickness, ¢ is the cell thickness, W is the space-
charge width, and a is the absorption coefficient:

R? 4+ R34+ 2RR,c086

1+ R2R2+2RRycos0’
where Ri={n ~1/(n,+ 1) Ry=(n,—ny}/
(1, + 1y}, 8 = 2nd.o, n, is the refractive index of ITO, tak-
en as 2,7 n, is the refractive index of InSe from Ref. 21,

and &, is the thickness of the ITO layer.
Figure 9 shows the photovoitaic spectra at constant

Rhv) = (5)

T [ b H i ] 1 ¥ T ]

10k .

’g‘ -

<08 .

[} -
<

= 06 -
Q

ES e

2 04 .
Q

5 -

0.2 i

-

16 20 34 28
h9 (av}

FIG. 10. Photovoltaic spectra for two ITQ/p-InSe: As/Axu devices; curve |
unanneaied cell {6A-2); curve 2: annealed cell (10A-2).
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TABLE III. Photovoltaic parameters of some ITO/p-InSe/Au devices,
corresponding to the best fit to Eq. (4).

L & e 4, 174
Device {ggm) {pam) {gem} (pem) {(pm)
1Z0 2.0 0.015 10.3 0.065 0.5
BCdi-13 1.4 0.020 23.0 0.065 0.5
PCd2-1 10.0 0.060 15.8 0.070 0.5
6A-2 11.2 0.040 10.6 0.065 .7
10A-22 14.0 0.060 21.0 0.085 0.7

* Annealed at 150 °C.

photon fiux of an ITC/p-InSe:Zn/Au cell {curve 1) and two
ITO/p-InSe:Cd/Au cell (curves 2 and 3). Figure 10 shows
the photovoltaic spectra of two 1TO/p-InSe:As/Au cells
(curve 1: unannealed cell, 10 um thick; curve 2: annealed
cell, 20 gem thick ). In Table [{l we have listed the parameters
that give the best least-squares fit to Bg. (4). Dotted lines in
both Figs. 9 and 10 are the calculated specira with these
parameters, From Fig, 9 and Table II1 it appears that minor-
ity-carrier diffusion lengths are very low in Zn- and Cd-
(507/81) doped ingots. [t can be seen from Fig. 10 that the
annealed cell {curve 1) exhibits a clear improvement in the
photovoltaic spectrum: It has a photoresponse about 10%
higher in the gap region for curve 2. It is due to a larger
diffusion length (14 2m in the annealed cell and 11.2 um in
the unannealed one). This effect may be attributed to the
fact that thick samples are less damaged during the cleavage
and has been observed in other InSe devices.?

Vil. SOLAR EFFICIENCY

Figure 11 shows the J( V) characteristics of six devices
under simulated AMI1 conditions, corresponding to an old
ITO/p-InSe:dn/In cell, in comparison to four ITO/p-InSe/
A cells, one from each ingot studied, and an annealed ITO/
p-InSe:As/Au cell. Table IV gives the efficiency parameters.
During the test, the devices were in thermal contact with a
copper block, maintained at room temperature { =293 K.

We can see that an important improvement with respect

AR

B 100 mW/iem?
i i L 1\
G.1 0.2 03 04
V {voits)

FIG. 11. J(¥) characteristics under simulated AM1 conditions at rcom
temperature; curve 1: PCd1-13; curve 2: 5Z-5; curve 3: previous results;
curve 4: PCd2-1; curve 5: 6A-2; and curve 6: 10A-2 (annealed cell).
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TABLE 1V. Efficiency parameters for several solar cells.

e S, Jo o Y

Device {(gm) (mm’) (mA/cm®) (V) FF (%)
Previous 13.0  10.00 25.0 0.40 0.38 38
results

1Z-3 14.5 2.0 211 0.43 0.49 4.9
5Z-5 9. 210 18.8 0.5¢ 0.59 6.0
PCdi-13 23.0 1.12 13.7 .42 0.53 30
PCd2-1 15.8 3.82 26.6 046 042 5.1
SA-6 145 2.43 27.6 0.54 045 7.2
6A-2 11.0 1.40 28.0 .54 (.33 8.0
8A-3 130 166 24.4 0.58 0C4o .3
9A-1 15.8 4.70 234 0.51 0.58 6.9
10A-2% 210 285 322 0.56  0.61 0%
10A-3° 236 210 29.4 0,54  0.63 0.0

* Annealed at 150 °C.

to previous resulis is obiained in all cases, which is becaunse of
the lower resistivity of p-InSe and the BSF contact. The cells
based on Zn- or Cd-doped InSe have lower ¥V, and J, con-
sistently with the measured lower barrier heights, lower mi-
nority-carrier diffusion lengths, and higher saturation-cur-
rent density. The best results correspond to the As-doped
material. Among the As-doped cells, the highest efficiencies
are obtained with annealed thick cells (=20 um). The
higher /. is consistent with the larger diffusion length, but

the better efficiency parameters cannot be related to the dark

electrical parameters, which are of the same order as in the

other As-doped cells.

Vil LIMITATIONS OF THE ITO/p-In8e CELLS

In order to elucidate the origin of the limitations of these
cells and to evaluate the possibilities of further improve-
ments, we have studied the dependence of all the electrical
and efficiency parameters on the photon flux. From J(V}
characteristics as a function of the photon flux, we have ob-
tained the variation of the saturation-current density J,, the
series resistance R, and the ideality factor 4 as a function of
the photon flux for the best ITO/p-InSe:As/Au device [Fig.
12(a)}. Figure 12 (b) shows the variation of the open-circuit
voltage V., the filling factor FF, and the solar efficiency
versus photon flux for the same cell. The short-cireuit cur-
rent density is strictly linear on the photon flux and has not
been plotted.

From Fig. 12 we can clearly see the origin of the limita-
tions of ITO/p-InSe cells. The saturation-current density in-
creases with increasing photon flux up to a factor of 100 from
its dark value in AM1 conditions. This causes ¥, not to
increase logarithmically with photon flux, as it should, and
also causes the filling factor to decrease. The reduction of the
series resistance does not compensate this effect.

It must be pointed out that the increase of saturation-
current density is the main factor contributing to the filling-
factor decrease, the series resistance having little effect. This
conclusion is also confirmed by the higher filling-factor val-
ves of the annealed ITO/p-InSe:As/Au cells, because their
typical saturation-current density under illumination is
about ten times lower than in unannealed ones.

1482 J. Appl. Phys., Vol. 62, No. 4, 15 August 1987
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Figure 13 shows the short-circuit current density J,, asa
function of the open-circuit voltage V_ for four cells. As can
be seen from curves 1 and 2 (corresponding to 9A-1 and
10A-2 cells, at room temperature), the open-circuit voltage
would be about 150 mV higher if the electrical parameters
did not change with respect to their dark value when the cell
is illuminated. This reduction makes the sclar efficiency de-
crease by about 25% from the ideal value. The origin of this
behavior is due to the compensated character of p-InSe. In
fact, this effect is stronger in p-InSe ingots with lower hole
concentration, which is the case of As-doped InSe used in
Bi/p-InSe devices,” where the hole concentration was of the
order of 10" cm 7. Curve 4 in Fig. 13 corresponds to one of
these devices. The open-circuit voltage saturates and even
decreases at high values of photon flux.

The effect of illumination on saturation-current density
has been studied as a function of temperature; J(¥) charac-
teristics under AM! conditions for a ITG/p-InSe:As/Au

10 -
&
E 1} FIG. 13. Short-circuit cur-
2 n rent density vs open-circuit
£ L. voltage for several devices;
5 curve 1: 9A-1; curve 2:
A - 10A-2; curve 3: 10A-3 (at
80 °C); and curve 4: Bi/p-
01 InSe/Sn cell.
-
0.01 o

Voc fvolts}
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FIG. 14. Capacitance vs photon flux of an 1TOQ/p-InSe:As/Au cell (10A-
3).

cell (10A-3) ai different temperatures (20-80 °C) have then
been recorded and analyzed. The filling factor FF and short-
circuit current density J are nearly constant in all tempera-
tures. The open-circuit voltage ¥, decreases with increasing
temperature at a rate of about 1.83 mV/deg. The solar effi-
ciency also decreases by 20% {at 80 °C) from its value at
room temperature.

The saturation-current density under solar illumination
turns cut to be constant in the whole {emperature range,
leading to a constant filling factor. In fact, at 80 °C the satu-
ration-current density does not change under illumination.
Once more the effect of photon flux on the saturation current
appesars 1o be weaker when the hole concentration is higher
(at 80 °C p can be as high as $ X 10" cm ™2}, As a result, the
J. (V,.) dependence at 80 °C remains exponential in the
whole photon flux range (curve 3 in Fig. 13).

These results can be explained through the impurity
structure of p-InSe. The saturation of ¥ at high photon flux
corresponds to a decrease of the ITO/p-InSe barrier height.
The space charge being formed by negative ionized accep-
tors, this effect should be related to a decrease of negative-
charge concentration because of the compensation of ion-
ized acceptor by ionized deep donors. This effect can be
observed through capacitance measurement under illumina-
tion. From Eq. (1) the capacitance of the cell under illami-
nation should increase with increasing photon flux as

Co [N,/ (Vy — Vo) 12 (6)

Figare 14 shows the capacitance of an ITO/p-inSe/Au
cell in function of the photon flux. It clearly appears that the
capacitance saturates and, after, decreases for the photon
flux levels at which the open-circuit voltage also saturates. A
complete explanation of this effect must include kncwledge
of the capture cross section of deep donors in InSe. Accord-
ing to our results, the concentration of ionized deep donors
increases under ilumination, which indicates that the cap-
ture cross section of these centers for electrons must be very
low. In some way this overcompensated p-InSe becomes ““s-
type” under illumination, which lowers the built-in potential
of the ITO/p-InSe junction and makes the saturation-cur-
rent density increase.
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IX. CONCLUSIONS

In this work we have shown that is is possible to improve
and optimize the ITO/p-InSe structure and attain efficien-
cies higher than 10%. In spite of the poor electrical proper-
ties of p-EnSe, short-circuit current densities, open-circuit
voltages, and filling factors up to 32 mA/em?, 0.58 V, and
0.63, respectively, have been obtained. The main factors con-
tributing to these results are (i) the lower resistivity of the
material, (i) the back-surface-field structure, (iii) the larg-
er minority-carrier diffusion lengths in As-doped p-InSe,
(iv} the optimization of subsirate thickness, and (v} the
thermal annealing of the devices.

The most important limitation of these devices is the
increase of the saturation current under illumination, which
makes the open-circuit voltage 25% lower than its ideal val-
ue. This limitation arises from the existence in p-InSe of a
self-compensating mechanism that creates deep donors lo-
cated below the middle of the band gap. Further studies on
the nature and origin of these defects must be carried out in
order to determine whether they appear as the results of an
intrinsic property of the materiat or if they can be avoided by
changing the growth conditions or the doping procedures.
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