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SOME OPTICAL PROPERTIES OF Zn,P,*
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Optical transition energy values for bulk and thin films of ZnsP, have been determined
from transmission and reflectivity data in the spectral range 0.45-2.7 pm and at 300 K..
The investigated samples were Zn,;P, single crystals obtained from the vapour phase and.
vacuum deposited thin Zn,;P, polycrystalline films. The refractive index # calculated from
the interference data changed from 3.2 in the infrared region up to 4 in the visible region.
The calculated absorption coefficient « was in the range 3—-300 cm—! for single crystal samples.
and 4 - 1034 - 10* coo~! for thin films. From the analysis of spectral dependence of absorption
coefficient @ the following energy values for direct optical transitions have been obtained:
1.42eV; 1.52eV; 1.66 eV and 1.82 eV. The smallest energy E, = 1.35 eV has been described
to indirect optical transitions at 300 K. The obtained results have been discussed in compari--
son with the literature data.

1. Introduction

During the past several years increasing interest has been given to zinc phosphide:
Zn3P, — a semiconductor compound of the II-V group, because of its promising photo-
voltaic properties. Only a few works about the preparation technique and electrical and
optical properties of this material in bulk crystalline form have been published up to now
[1-3, 6, 7, 11-14]. The properties of thin Zn;P,-films have been reported in only four
publications {4, 8-10]. Zn,;P, is always a p-type semiconductor with a tetragonal unit
cell and resistivity of 1.0-10* ohm - m and a very low Hall mobility of (1-4) x 103 m2/Vs.
at 300 K [1-4, 9]. The energy gap value of Zn,P,, estimated by various authors from d¢
‘conductivity measurements, is 1.15-1.3 eV [1-4], and from optical absorption and photo-
conductivity measurements it is about 1.28-1.4 eV [4, 6, 7, 11, 12] for bulk material. The
first data for Zn,P,-films have been reported by Lagrenaudie who obtained from electrical
data the big dispersion of activation energy values in the range 1.16~1.36 ¢V. The value
of AE, obtained in our laboratory from dc resistivity measurements was 1.2 eV [9]. From
optical absorption measurements, performed for thin films, it was impossible to obtain
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the smallest energy gap because of a long absorption “tail” for energies below 1.5¢€V,
depending on deposition conditions [4]. From the theoretical model for band structure
of Zn,P, proposed by Lin Chung [5] the existence of an energy gap of 1.9 eV, corresponding
to direct transitions at the I' point has been expected. However, in this model the calcula-
tions for pseudo-cubic hypothetical fluorite-like structure have been performed, but the
spin-orbit coupling and tetragonal symmetry of the crystalline field were not taken into
account. For this reason the value of the smallest energy gap obtained from these calcula-
tions can be too high and triply degenerate. This value has not been confirmed by the
experimental data. On the basis of absorption, reflectivity and photoconductivity results,
Sobolev et al. [6] proposed the band structure diagram for Zn,P, with the valence band
predicted as triply split at the I' point by spin-orbit and tetragonal field interaction, and
direct energy gap of 1.3 eV at 293 K. The existence of a three-fold split valence band and
the energy gap value in the range 1.3-1.4 eV were also confirmed by the results of photo-
electric effect measurements on the Au-Zn,P, junction by [7] and also by [4, 10-13] from
optical absorption data. However, the results obtained by various authors from optical
and electrical data cover a wide range of values and some controversy is, whether the
smallest energy gap in Zn,P, is a direct [4, 6] or indirect one [10, 11]. The aim of this work
was to determine the optical transition energy values for bulk and thin films of Zn;P,
from transmission and reflectivity data.

2. Experimental details

The investigated samples were Zn,P, single crystals obtained by vapour-phase growing
in a closed system and vacuum deposited thin ZnzP, polycrystalline films.

The starting material for the single crystal growing and preparation of thin films was
a Zn,P, ingot synthesized from the elements and purified by vacuum sublimation [2, 3,
12, 14]. Single crystals of Zn,P, were obtained by vacuum sublimation of the polycrystailine
material under a small temperature gradient from 1010 to 1050 K. For optical investigations
samples were oriented, cut and polished with a diamond paste and then etched. The final
sample thicknesses were in the range 0.18-0.30 mm. Thin Zn;P;-films have been prepared
by thermal deposition in a vacuum better than 10~° Torr from a ceramic crucible. Deposi-
tion was carried out on BK-7 glass substrates heated to a temperature in the range T ~ 300-
-720 K [9]. The structure and microstructure of obtained films were investigated by means
of a Jeol JEM-120 electron microscope. On the base of these investigations the optimal
conditions for preparation of polycrystalline Zn,P,-films have been established as follows:
source temperature 950-990 K, substrate temperature 540-560 K and source-to—-substrate
distance 12 cm. The films deposited with the substrate temperature below 520 K
were usually amorphous. The thicknesses of obtained films measured by the interference
method were-in the range 0.7-6 pm. These conditions resulted in an average film growth
rate 40~50 A/sec with background pressures of the order of 10~ Torr during deposition.
The electron probe X-ray microanalysis of chemical composition of films prepared in this
manner showed their very good homogeneity and the only impurity revealed was silicon,
which probably originated from the synthesis process of bulk ZnsP, [14].
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Optical measurements of transmission and reflectivity have been performed in the
spectral range 0.45-2.7 pm by use of a Beckman Acta M-IV spectrophotometer. Typical
transmission and reflection spectra obtained for thin Zn,P, films are presented in Fig. 1a.
From the sets of interference maxima and minima of transmittivity and reflectivity data
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Fig. 1. a) Typical transmission and reflectivity spectra for ZnsP, films, b) Spectral dependence of the
refractive index for Zn;P, films

it was possible to calculate the refractive index n, for this material in a wide spectral range
according to the well known relation 4n,d = mA, where m is an integer and d — thickness
of the film.

The absorption coefficient a for thin films has been calculated on the basis of trans-
mission data using the relations [15]

A exp (—ad)
™ 14122 exp (—20d)’
where
16n%n2 nl""l nl—nz
ry r, = —

T (1 +n)X(ny+ny)?’ T g+l T n,ny’

n, and n, — refractive indices for the investigated film and substrate respectively,
and

_ Aexp (—ad)

T 1=2r,r, exp (—ad)+r2r} exp (—2ad)

T

for maxima sets in the region where the interference fringes appeared. For the calculations
for each sample suitable experimentally obtained values of the refractive index n, were
used. For bulk samples, the well-known formula

T =(1-R)?exp(—ad)

was used where the values of reflectivity R were measured experimentally.
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3. Results and discussion

The spectral dependence of the refractive index n,; calculated from the interference
data is shown in Fig. 1b. The average values of n, in the infrared region are 3.2-3.4, while
in the visible region the values 3.5-4 have been obtained. The small scattering of results

for different films can be noticed.
The spectral dependence of the absorption coefficient « for several measured bulk

samples and also for thin polycrystalline films is presented in Fig. 2. The calculated absorp-
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Fig. 2. Spectral dependence of the absorption coefficient for several bulk samples and thin films of Zn;P2
in the interband absorption edge region

tion coefficient was in the range 3~300 cm~! for measured bulk samples and 4.163-4.10* cm™!
for thin films. The long absorption ““tails”’ below about 1.5 eV, similar to those reported
by Catalano et al. [4], make it impossible to interpret the data for thin films in this region.
It seems, that these “tails” will be substantially reduced for thicker films with better crystal
structure. The especially good agreement among the values of calculated « for all investi-
gated films in the energy range 1.55-2.05 eV should be emphasized. Fig. 3 shows the linear
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dependences of (ahv)® vs hv for several investigated Zn;P,-films in the spectral range
1.55-2.0 eV. As it can be seen, the experimental points fit very well the three straight lines
with slopes giving three energy values for direct optical transitions

E, =152eV, E;=1.66¢eV, E,=182¢V.

The same relation for the best bulk samples No 6 and 8 (see Fig. 2) presented in Fig. 4a
gives, for the narrow spectral region 1.43-1.47 eV, the direct transition with energy

13
b a a
% 2
] ~
§ 1%
o~ b :2; e ?
N il 3 8
= 4 910
0 8 g ~
g 4510 N rv% o E
S 0° ] TE 3 2
:S 3»10 ] N& ol - e I
41 x
2a10° b 18 3
i 1 9e10® 8r o 70
/ 13x10
wi0® | i |
05%10° - i ] 7h 4 6x0°
1 1 L *1 L 1 il v
4151617181920 | .
=7 ] i | 50°
o—10 - 9
x— 18 | 2x10 sk
g ] -+ ax®
—Ii3 . o
a I PN
i | 3x703
1 3
g 9
d1x10 | 24203
: ]
i T
i o .
Rt 1 5e10® - i
w i L
" . - 5x70
: I {102
.. el ) '[ 110 i1 _3x | 1 10
15 16 17 18 19 20 13 13 14 34 15
Elev] - e h Y —h—
Fig. 3 Fig. 4

Fig. 3. Dependence (¢hv)? vs energy for several thin films of ZnsP, (a) and lower part of curve ¢ in
enlarged scale (b)
Fig. 4. Energy dependence (#Av)? (a) and «'/? (b) for several bulk ZnsP, samples presented in Fig. 2

E, = 1.42 ¢V at room temperature. The obtained value E, is in good agreement with the
results of Catalano et al. [4] and also with [10, 11]. It confirms also the reported lumi-
nescence and photoconductivity data [7, 12, 13] and may be accepted as the smallest direct
energy gap for Zn;P,. The only problem is with the values of the energy gap 4F ~ 1.15-
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~1.2 eV obtained from electrical measurements for bulk [3] and for thin films [9]. However,
when we have tested the absorption data from the absorption “tail” in the spectral region
below about 1.45 eV for bulk Zn,P, samples (and for very low values of «) (see Fig. 2),
we have obtained a good approximation of the relation /2 vs energy by the two straight
lines presented in Fig. 4b. From this plot we have got an energy value E, = 1.35 eV for
indirect phonon-assisted transitions with a phonon energy of about k6 ~ 0.031 eV cor-
responding to 6 ~ 363 K.

For this reason it seems to be reasonable to accept the smallest indirect energy gap
connected with transitions between the centre of the Brillouin zone to the extremum off
the I" point. This type of transition explains the absorption data for the lowest values of
a and also confirms the low values of the energy gap obtained from electrical measure-
ments. The energy values E; = 1.42¢V, E, = 1.52¢eV and E; = 1.66 eV obtained in
this work can be ascribed to direct optical transitions at the I' point connected with the
three-fold coupling of the valence band owing to spin-orbit and tetragonal-field
interactions. The estimated energy E, may be related to optical transitions off the centre
of the Brillouin zone.

The obtained values are in agreement with previously published reference data [11].
The observed dispersion of energy values may be explained by probable small deviations
from chemical stoichiometry of Zn;P, for samples obtained by different authors.

The results obtained in this work are compared with reference data in Table I.

One of us (W. Z.) would like to express his appreciation to prof. dr L. Huldt for the
possibility of preparing good single crystals of Zn,P, during his stay at the Physics III of
the Royal Institute of Technology in Stockholm.
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