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Rectifying homojunction have been fabricated in polycrystalline CulnSe, thin film. The p-n
junction diode was obtained by short annealing in nitrogen atmosphere at 450 °C following the
ion implantation of nitrogen with the energy and the dose of 50 keV and 1x 10" cm~2
respectively. The properties of the near surface region in the films implanted have been studied
by the Raman scattering spectroscopy. The secondary ion mass spectroscopy depth profile of the
nitrogens in the CulnSe, film and the capacitive-voltage characteristics of the rectifying diode
have been measured to characterize the junction properties. The photovoltaic characteristics in
AM 1.0, 100 mW/cm? are shown with the efficiency of 0.35%:

I. INTRODUCTION

CulnSe, thin films are attractive for photovoltaic ap-
plication. Several research groups have already succeeded
in fabricating a highly efficient solar cell using
CdS/CulnSe, heterojunction structure. However, ho-
mojunction cells constructed of polycrystalline thin films
of CulnSe, have not been reported yet. Spitzer et al. re-
ported the theoretical limit efficiency for a CulnSe, homo-
junction cell, which discussed its dependencies on the pa-
rameters such as cell thickness, junction depth, acceptor
concentration, and surface recombination velocity.* They
showed that in the CulnSe, homojunction solar cell, the
fabrication of an extremely shallow junction is an impor-

tant way to realize the high ‘efficiency. To realize such -

efficiency, electrical neutralization technology of grain
boundaries is required for high efficiency in the homojunc-
tion solar cell constructed from polycrystalline thin films.

Electrical properties of CulnSe, thin films strongly de-
pend on the Cu/In and (Cu+In)/Se composition ratios.
The conduction type of the CuInSe; thin film can be con-
trolled by control of the stoichiometric composition.’
However, the conductivity and the carrier concentration of
these films is difficult to control for both conduction types.
Noufi et al.® showed that p-type CulnSe, thin films with a
single phase could be obtained only in the limited compo-
sition region called “the V shaped region,” where the hole
concentrations ranged from 10" to 10 cm~3, and that
highly conductive films could not be obtained in n-type
CulnSe;, thin films due to compensation.

Fundamental research on doping and fabrication of
homojunctions or homojunction devices has. been investi-
gated by the diffusion or the implantation of various ele-
ments into single crystals of CuInSe,. The diffusion of Cd’
or In® was employed for the fabrication of homojunctions
based on p-type single crystal, and the diffusion of Cu’ a
short anneal process in Se vapor!® and the implantation of
oxygen!! was employed to fabricate homojunctions in
n-type single crystals. Tomlinson et al.'> showed a signifi-
cant effect on the resistivity and the photoconductivity in
addition to conduction type conversion in the near surface
region of a CulnSe, single crystal subjected to ion bom-
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bardment using oxygen, helium, and neon. Moreover, in a
polycrystalline: CulnSe, thin film, Kohiki et al also re-
ported that both the conduction type and the resistivity of
n-type CulnSe, thin films could be changed by nitrogen
implantation.'® :

In the present work, we report that homojunctions

" based on n-type polycrystalline thin films of CulnSe, have

been fabricated: by a short annealing process following ni-
trogen implantation. These junctions were characterized
by Raman scattering spectroscopy, secondary ion mass

~ spectroscopy, and capacitance-voltage measurement. In

addition, we show that the photovoltaic characteristics of a
homojunction were measured by using a very thin Au elec-
trode as a transparent electrode.

Il EXPERIMENT

The CulnSe, films used in this experiment were co-
evaporated onto Mo-coated glass substrates by using a mo-
lecular beam deposition system. The substrate temperature
was held at 475 °C. The preparation and the characteriza-
tion of the CulnSe, are described elsewhere in detail >4
The films were about 1.5 um thick, and have a slightly
In-rich composition showing n-type conduction. The elec-
trical conductivity, the Hall mobility, and the electron con-
centration were deduced to be about 1X10~* @~ 'cm™1,
100 cm?/V's, and 1X 10" cm™3, respectively, from the
measurement on the film simultaneously prepared on the
glass substrate.

Ton implantations of *N+ were performed by a scan-
ning ion beam with an energy of 50 keV. The doses were
varied from 1X 10! to 1x 10" jons/cm? by changing the
implantation time and the scanning ion beam current. Re-
duced ion beam current densities were about 70-700
nA/cm?. All samples used for implantation were heated up
somewhat during the implantation.

. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) show the Raman scattering
spectra as a function of the dose of the nitrogen implanta-
tion before and after annealing, respectively. The annealing
of the nitrogen-implanted films was performed at 450 °C in

© 1993 American Institute of Physics 2067



]
c
3
2
=
2
‘D
c
2
£

1 1 1 1 I 1 1 1 ! .

100 200 300
Raman Shift (cm™")

(b

:‘E 13 2

= 10 “ions/cm'
3
g
o

~ 10" %onsscm?
oy
E

2 1015Ionsl¢:m2
£

1 1 1 1 l L 1 1 1
100 200 300

Raman Shift (cm ")

FIG. 1. Raman scattering spectra of nitrogen-implanted CulnSe, films as
a function of implantation dose: (a) as ion implanted, (b) after anneal in
nitrogen atmosphere at 450 °C for 1 min.

nitrogen atmosphere for 1 min. The 514.5 nm wavelength
of an Ar ion laser was used for the measurement in back-
scattering configuration, so that the near surface region of
the nitrogen-implanted film was probed.

In the Raman scattering measurement of the CulnSe,
film, we can usually observe the 4; mode of the chalcopy-
rite structure around 175 cm™!, corresponding to the
twisting mode of Se atoms.!> As shown in Fig. 1(a), the
scattering intensity of the 4, mode decreased in the as-
implanted films as the dose of the nitrogen implanted was
increased to 1 10'* cm~2 We hypothesize that for a dose
of more than 1Xx 10" cm~?, the crystal ~s(£rucfure was de-
stroyed by the implantation damage and may have
changed to the amorphous phase. Mullan et al.'¢ reported
that the amorphous phase was observed in the near surface
region of a CulnSe, single crystal implanted with oxygen
an energy of 40 keV and a dose of 5% 10'¢ cm~2.

As shown in Fig. 1(b), the 4, mode was observed in
all spectra after annealing the damage suffered from the
nitrogen implantation. However, the spectra also show that
the 4, mode became broader and that the peak shifted to a
higher wave number as the dose of the implantation in-
creased. According to a simplified version of the extengé‘d
Keating model for the chalcopyrite structure,m‘ the fre-
quency of the 4; mode can be described by the mass of the
Se atom and the two bond-stretching force constants, cor-
responding to the interaction between nearest neighbors.
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FIG. 2. Current-voltage characteristics of a CulnSe, homojunctions fab-
ricated by implanting nitrogen into the surface of n-type CulnSe, films.
The nitrogen implantation doses were 10'%, 10'%, and 10'* cm~2 at an ion
energy of 50 keV. :

Therefore, the broadening and peak shift of the 4, mode
suggests that the films have strain in the implanted region
and that the strain changes the force constants and/or that
the nitrogens implanted in the near surface region of the
films occupy Se sites instead of Se atoms.

Figure 2 shows the dark static current-voltage charac-
teristic as a function of the dose of nitrogen implantation.
Au films were used for the upper electrode. The annealing
conditions were the sa.m\g as described above. Forward bias
corresponds to positive polarity of the external bias on the
ion implantation side. We can observe that the rectifying
characteristic improved as the dose of the nitrogen implan-
tation increases from 1% 10" cm™2 to 1 10'* cm™2. This
means that the near surface region of the n-type CulnSe,
thin film becomes more p type as the dose increases. This

~ supports what we observed in previous experiments.!? In

the case of the homojunction produced by a dose of
1X 10" cm™2, a rectification ratio of 1:200 was measured
at 1V at room temperature, and a series resistance of about
1 Q is calculated for a 1 cm? junction for forward bias
voltages in excess of 0.25 V. The resistance is associated
with the undepleted region o%CuInSéz film.

Figure 3 shows a SIMS (secondary ion mass spectros-

- copy) depth profile of a CulnSe, film nitrogen implanted at

an energy of 50 keV with a dose of 1X10'* cm™? after
short annealing in a nitrogen atmosphere at 450 °C. We
used '*Cs* as primary ions to provide a high detection
sensitivity for nitrogen. We observed secondary positive
jon clusters like Se+Cs, Cu+Cs, In+Cs, N+Cs.!> We
can observe a N+4Cs peak near surface in the nitrogen
depth profile. The peak shows that the range of the nitro-
gen implantation in this experiment was about 70 nm. The
content of the nitrogen in the CulnSe, film was about 10%°
atoms/cm® at the peak as estimated from the dose and the
depth profile of the implanted nitrogen. Mullan et al. 16 re-
ported that the peak of oxygen implanted at an energy of
40 keV was at a depth of 72 nm according to a Monte
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FIG. 3. SIMS depth profile of a nitrogen-ion implanted CulnSez film after
short annealing at 450 °C in nitrogen. :

Carlo type TRIM-89 algorithm in which an amorphous
CulnSe, structure with a density of 5.78 g/cm? was as-
sumed. Considering that in our experiments nitrogen was
implanted at an energy of 50 keV, the nitrogen range ob-
tained from the SIMS profiling is in reasonable agreement
with the Mullan’s results for oxygen.

Figures 4(a) and 4(b) show the result of capacitance
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FIG. 4. Results of capacitance vs voltage measurements at 1 MHz on a
rectifying diode fabricated by mtrogen implantation at an energy and dose
of 50 keV and 1x 10" cm™?, respectively: (a) a plot of 1/C* vs bias
voltage, and (b) the carrier concentration as a function of depth from the
edge of the depletion layer at O V, obtained by analyzing the C-¥ data.
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FIG. 5. Current-voltage characteristics of a CulnSe, thin film p-» junc-
tion of 0.04 cm? area under AM1.0, 100 mW/cm?.

versus voltage measurement in a rectifying homojunction
diode. In Fig. 4(a) we show a 1/C? versus voltage plot,
which is meaningful for an abrupt homojunction. The 1/C*
vs ¥V plot is linear over the voltage range from —2.0 to
—0.75 V. If we assume that reverse bias voltage makes the
depletion layer extend almost exclusively into the n-type
region, we would calculate the carrier concentration as a
function of the depth from the edge of the depletion layer.
The result is shown in Fig. 4(b). The carrier concentra-
tion, N, was ca]culated from the equation,
N=(2g/€) X[d(1/C*)/dV]~}, where g and € are the unit
charge and the dielectric constant, respectively. 17 The
value of the carrier concentration obtained from this anal-
ysis was comparable to the value of 1 10'* cm~3 obtained
by the Hall effect measurement.

A 2X2 mm? homojunction, fabricated for the mea-
surement of the photovoltaic properties, has some of its
characteristics shown in Figs. 1 and 2. This n#-type CulnSe,
film (Cu:In:Se=23.3:26.6:50.1) was implanted with N+
at an energy of 50 keV and a dose of 1 X 10'> cm 2. It was
annealed in nitrogen at 450 °C for 1 min. Figure 5 shows
the current-voltage characteristics of a 2 X2 mm? solar cell
under AM1.0, 100 mW/cm? illumination. The open circuit
voltage, short circuit current density, and fill factor are
0.098 V, 9.11 mA/cm?, and 39%, respectively, correspond-
ing to a conversion efficiency of 0.35%. -

{V. CONCLUSION

We succeeded in fabricating rectifying homojunctions
in polycrystalline CulnSe, film by nitrogen implantation,
and fabricating a photovoltaic device with an efficiency of
0.35%. This work shows that homojunctions can be fabri-
cated by ion implantation even in a polycrystalline thin
film of CulnSe,, and that photovoltaic cells can be pro-
duced by this process.
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