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Transport and optical properties of n-type CdSe crystals together with microanalysis of residual
impurities from two different sources (A and B) were investigated and compared in detail. It was
found that the electronic properties of the crystals are governed by two kinds of shallow donors. At
low temperatures (7 < 150 K) a shallow level 10 meV is dominating the transport properties, while
at T> 150 K a 22-meV level is the predominant one for crystal A. In addition, crystal B exhibits
higher density of free carriers at all temperatures and the activation energy of its only shallow donor
level is 10 meV. Laue patterns (x-ray measurements) showed that crystal B has a mosaic structure.
Low-temperature photoluminescence spectra were measured for two crystals of A source, both
low-resistivity n type (one undoped, the other In doped), and for crystal B. Two kinds of donors
were identified in accordance with the transport measurements: one having an energy of about 10
meV, the other with energy of about 20 meV. The high-temperature photoluminescence of crystal
B consisted of two peaks. They could be associated with emission from the A and B gaps of
Waurzite-type crystals. Room-temperature photoresponse measurements showed that the energy
gap of crystal B is higher by 6 meV than that of crystal A, which was attributed to the strain in this
crystal. The origin of the two shallow donor levels seen in the transport and photoluminescence
measurements is discussed in light of the elemental microanalysis and the existing literature. We
suggest that In is responsible for the 10-meV level, while the deeper level (20 meV) is attributed to
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Na.

I. INTRODUCTION

CdSe is a wurtzite-type semiconductor belonging to the
I1-VI family of compounds. The applications of this ma-
terial are for photovoltaic cells,’ photoconductive materi-
als,? thin-film transistors,> and optical-data recording.*

Transport properties>® and photoluminescence’ ™ !* of
CdSe were investigated by a number of groups in the
past. Henry et al.® concluded that Li and Na are the only
shallow acceptors on a substitutional site in CdSe besides
P, which was supposed to form a shallow complex. Since
it was not possible to make CdSe with p-type conductivi-
ty, it was suggested'® that (a) the solubility of suitable
shallow acceptors may be lower than the minimum back-
ground of donor impurities, and (b) the same kind of im-
purities which form the acceptors may also act as donors
on different sites—or native defects may form electrically
inactive complexes with the acceptor impurities.

Indium serves as a shallow donor in CdSe. However,
no detailed investigation of this impurity in CdSe is re-
ported in the literature (to the best of the author’s
knowledge). Alkali-metal impurities have been investi-
gated in detail in ZnSe."® It was found that both Li and
Na serve as shallow interstitial donors in this material.
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On the other hand, substitution of the alkali atom with
the Zn atom leads to a shallow acceptor state.

n-type CdSe has been studied extensively in photoelec-
trochemical cells. Thin films were prepared by a variety
of techniques,'® and their electronic and optical proper-
ties were not always fully characterized. Furthermore,
their characteristics seem to depend strongly on the
method of preparation. Therefore low-resistivity single-
crystal n-type CdSe could serve as a reference for such in-
vestigations provided its electronic and optical properties
were well characterized.

In the framework of this investigation, transport mea-
surements, secondary-ion mass spectrometry (SIMS),
electron-microprobe (EM), Laue x-ray-diffraction, photo-
luminescence (PL) at low temperatures, and optical mea-
surements at room temperature were used to investigate
the electronic properties of low-resistivity CdSe crystals.

II. EXPERIMENT

Low-resistivity n-type CdSe single crystals (0001)
oriented, were purchased from two manufacturers (A and
B), and used in this investigation. All crystals were
grown by the Bridgman technique under excess Cd vapor
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pressure. Crystals specified with three different resistivi-
ties were purchased from manufacturer A designated A1l
(0.3 Qcm), A2 (1.0 Qcm), and A3 (11 Qcm). Extrinsic
dopant (indium) was added to the melt deliberately in the
case of crystal Al. Crystal B was specified as having a
resistivity of 0.2 Q cm. The crystals were polished down
to a l-um grit, etched in a mixture of concentrated
HCI:HNO; (4:1), and finally cleaned in a 10% KCN solu-
tion. X-ray diffraction was performed in the Laue
mode.!” Beam diameter was about 1 mm. For the trans-
port measurements four indium contacts were soldered
onto one of the (0001) crystal faces in the van der Pauw
geometry.

Transport properties were measured for crystals Al
and B between 40 and 340 K. The resistivity p and Hall
mobility 4 were measured versus temperature 7. The net
carrier density N was calculated via

New=1(ppey) ,

where e, is the elementary charge.

Secondary-ion mass spectrometry was performed using
a CAMECA IMS 3F spectrometer. The rate of sputter-
ing, determined by a stylus, was 1 um/h. Electron-
microprobe measurements were carried out using a
CAMEBAX electron microprobe.

Photoluminescence was measured with a conventional
setup equipped with a double grating high-resolution
monochromator (Jobin-Yvon model HRD). The sample
was immersed in a cryogenic helium bath (TBT). Excita-
tion sources were the 514.4-nmeV line of an argon-ion
laser (Spectra Physics model 2030), and the 647.1-nm
(1.916 eV) line of a krypton-ion laser (Spectra Physics
model 165). In all measurements the electric field (E) of
the beam was perpendicular to the specified ¢ axis (Elc)
of the crystal.

Photocurrent spectra were measured at room tempera-
ture (300 K) in polysulfide solution. Calibration of the
photoresponse was done by a UDT Si detector (model
260).

III. RESULTS
A. Transport measurements

The results of the transport measurements at room
temperature and at 80 K are summarized in Table 1.

The resistivity (p) versus temperature (7T') for crystal
A1l (0.3 Qcm), and for crystal B are shown in Fig. 1. The
resistivity of crystal B decreases first upon increasing the
temperature and exhibits a minimum at 100 K. Crystal
A1 shows a different temperature dependence than crys-
tal B. When the temperature is raised from 40 K the

ol T 1 T — T .m.,...,m.%
N ]
L N\ i
A 1
g
© +
S
Q. .
— crystal A1 \\\ /’
———crystal B S~oo e
Io-l i s P .—. PN IERTRTT 4‘
40 140 240 340
T (K)

FIG. 1. Specific resistivity vs temperature for the two kinds
of CdSe crystals (0.3-Qcm Al and B).

specific resistivity of crystal Al goes down gradually and
shows a first minimum between 120 and 130 K. Another
minimum occurs around 250 K. It is likely that two
minima are obtained as a result of the ionization of two
different impurities. At low temperatures the shallow
donor is ionized, while the deeper one is ionized above
250 K.

At about 130 K a maximum is reached in the mobility
and thereafter it decreases with temperature as shown in
Fig. 2. It was found that in the temperature range
120-340 K the mobility followed the power law
p < T 115 for both crystals.

In the low-temperature range, where the exponent n is
positive, it was not evaluated due to the lack of experi-
mental data. The lower mobility of crystal B indicates
that the density of free carriers is higher in crystal B than
in crystal A1, which confirms the result of the numerical
analysis. Note that the maximum in the mobility appears
at somewhat higher temperature for crystal Al than for
crystal B, which is inconsistent with the previous con-
clusion. However, in view of the fact that the maximum
is very broad, no firm conclusion is possible based on
these data.

The density of free carriers (N.;) was determined ex-
perimentally and is shown in Fig. 3(a). The activation en-
ergy (E ,) was graphically deduced from the dependence
of N+ on temperature T [Fig. 3(a)]. The following for-
mula was employed:

N gx<exp(—E ,/kT) ,

where k is the Boltzmann constant and T the absolute
temperature. As shown in Fig. 3(a), crystal Al (0.3

TABLE I. Summary of the transport measurements of low resistivity CdSe.

Temperature P I Ng E,

Crystal (K) (Qcm) (cm?/V sec) (cm™Y) (meV)
Al 300 0.17 880 4X%10'® 22
B 300 0.25 325 8Xx10'® 10
Al 80 0.21 2800 1Xx10' 10
B 80 0.13 1500 2X10' 10
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FIG. 2. Electron mobility vs temperature for the two kinds
of CdSe crystals (Al and B).

Q cm) exhibited two activation energies: E,; =10 meV
and E,,=22 meV. One observes that at 7>180 K
(kT 5ok =15 meV) the deeper donor state is dominant,
while below 180 K it is frozen out and only the shallow
state is present. The only activation energy measured for
crystal B is E , =10 meV. Crystal B exhibits very little
temperature dependence of u and N4 due likely to an
overall dominating shallow donor state.

Since this state has an activation energy of 10 meV it
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FIG. 3. Free-carrier density vs temperature for the two kinds
of CdSe crystals (A1 and B). (a) Measured values. (b) Results of
computer simulation.
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could not be frozen out in the temperature range of our
experiments (down to 40 K; kT,x =3.3 meV). The
deeper state (22 meV) is not observed in crystal B.
Presumably the doping density of this donor state is too
low in comparison with the shallow state in crystal B.

B. Secondary-ion mass spectrometry
and electron-microprobe measurements

A detailed impurity analysis was carried out for all
crystals. Both manufacturers kindly provided us with the
impurity analysis of the raw CdSe powder prior to the
growth. Whereas the source powder of crystals A con-
tained 23 ppm of Zn as the main impurity, the source
powder of crystal B contained 10 ppm of Ca and 9 ppm
of Si in the raw material. Additionally, crystals A were
specified to have between 1% and 2% sulfur.

SIMS and EM analysis showed that indeed crystals A
contained about 1% sulfur, whereas crystal B did not
show an appreciable amount of S. It appears that the
sulfur had little effect on the measured electronic proper-
ties of A crystals. The estimated quantity of Zn in crystal
A was below the ppm level using SIMS analysis (no Zn
could be detected by EM), and no segregation of any of
the impurities or gettering of such impurities in grains or
defects was noticed. Since it was expected that alkali
atoms serve as the dominant impurities, a careful SIMS
analysis with respect to Li and Na was carried out. Li
was found to occur much less than Na in all crystals.
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FIG. 4. Concentration profile of Cd, Se, and Na in CdSe (a)
crystal A2 and (b) crystal B, obtained via secondary-ion mass
spectrometry (SIMS).
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TABLE II. Atomic mass counts ratio (bulk) for [Na]/[Cd]
(23/111) and [In])/[Cd] (115/111), as determined by SIMS
analysis, for various CdSe crystals.

p [Na}/[Cd] [In}/[Cd]
CdSe (Qcm) (count ratio) (count ratio)
Al 0.3 0.3 0.0011
A2 1 0.3
A3 11 0.001
B 0.2 <0.02 0.0033

Figure 4 shows SIMS profile of crystals A2 and B with
respect to the elements Cd, Se, and Na. It is not possible
to make any quantitative comparison between the various
impurities in the two crystals. However, the [Na]/[Cd]
count ratio (in the bulk) was calculated for the various
CdSe crystals; the results are given in Table II. It is ob-
served that this ratio increases with the conductivity
(1/resistivity) in crystal A. In general, the Na distribu-
tion in crystal B was found to be nonuniform, indicating
that the sample is not homogeneous (see below). Howev-
er, if one disregards the surface it is noticed (Fig. 4 and
Table II) that the bulk [Na]/[Cd] ratio is larger for crys-
tals A1l and A2 than for crystal B.

Crystal B exhibited also appreciable quantities of Si
and Ca impurities in the bulk as well as some impurities
(e.g., Cu, K, Zn, Fe, etc.) that were not present in crystal
A at all. Both crystal Al (0.3 2 cm) and crystal B con-
tained an appreciable amount of In, which is known to be
a shallow donor in CdSe.!® The bulk [In/Cd] ratio for
both crystals is given in Table II.

C. Photoluminescence measurements

The photoluminescence of the crystals, at various tem-
peratures and under different light intensities, has been
measured. At 2 K (Fig. 5) the spectrum of crystal A2 (1
Qcm) (Fig. 5) is dominated by two kinds of emission
lines: donor-bound exciton at 1.821 eV,*? and a series of
broad emission bands having the first peak at 1.732 eV.’
Under weaker illumination intensity (not shown) this
peak exhibited a further red shift to 1.730 eV. These
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FIG. 5. Photoluminescence of CdSe crystal A2 at 2 K. Exci-
tation wavelength was 514.4 nm. Numbers designating the
peaks are in eV.

broad emission lines can be assigned to a donor-acceptor
pair (DAP) and its longitudinal-optical-(LO-)phonon re-
plica.

The photoluminescence of crystal Al in this tempera-
ture is shown in Figs. 6(a) and 6(b). The simple excitonic
emission of the previous sample is turned into a multi-
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FIG. 6. Photoluminescence of CdSe crystal Al (0.3 1 cm) at
2 K: (a) the excitonic part of the spectrum; (b) donor-acceptor
transitions. Excitation wavelength was 514.5 nm. Light intensi-
ties (in mWem™2): 1, 1.2; 2, 6.3; 3, 63; 4, 630; 5, 1800; 6, 5000.
Numbers designating the peaks are in eV.
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tude of relatively narrow lines in this sample [Fig. 6(a)].
We attribute the line at 1.816 eV to an acceptor-bound
exciton (I;)."® Another weak line at 1.819 eV can be as-
cribed to a donor-bound exciton (I,). The red shift of 2
meV is likely to be associated with the heavy doping.
The strongest line at 1.824 eV is attributed by us to an ex-
citon bound to an ionized donor.!® A careful inspection
of this peak (logarithmic plot) reveals that it is asym-
metric and can be deconvoluted into two peaks—one at
1.824 eV, the other at 1.823 eV. This indicates that there
are actually two donor states in this material. The
donor-acceptor transitions of the Al sample at various
light intensities are shown in Fig. 6(b). Clearly, two
donor-acceptor transitions can be resolved. At weak
light intensities a deep donor-acceptor transition (1.728
eV) is favored, while a shoulder is clearly observed at
1.736 eV. Under strong light intensity the shallower
donor-acceptor transition (1.738 eV) is favored. Note
that both transitions exhibit a similar blue shift when the
light intensity is increased. These results substantiate the
Hall measurements, according to which two shallow
donor states exist in this material, with an energy
difference of about 10 meV. Crystal B, on the other
hand, exhibits a much more complicated pattern. Its
luminescence spectrum is not the same over the entire
area for one thing. Additionally, it was found that exci-
tation with a long wavelength (647.1-nm Kr* laser line)
and strong excitation intensity produces more uniform
spectra than weak excitation with short wavelength
(514.4 nm). No such effect could be reckoned in A crys-
tals. Since the energy of the Kr™-ion laser (1.916 eV) is
close to the band gap of CdSe at 2 K (1.841 eV), the
penetration of the light is deep in this case, and the emis-
sion is less influenced by any surface effect. The strong
light intensity tends to saturate transitions associated
with very dilute impurities, as well as other deep states.

Using the long-wavelength (641.1-nm) excitation for
crystal B [Fig. 7(b)], a broad emission was observed at
1.7475 eV followed by a few LO replicas, which can be
ascribed to a DAP recombination. The second peak in
that series (DAP-LO) (and the lower-energy peaks as
well) is broadened. This broadening is probably due to
another series of DAP transitions at lower energy. In
fact, a series having its first peak at 1.709 eV was ob-
served in this crystal, at selectively illuminated regions,
under weak excitations. As the light intensity was in-
creased [Fig. 7(a)], the DAP peak exhibited a blue shift
equivalent to about 1 meV/decade, which is typical for
donors with large Bohr radius.!*® The relatively high
energy of the DAP emission can be attributed to the high
excitation intensity used in these experiments.

A series of relatively narrow peaks is observed at
higher energies. The main peak in this series at 1.832 eV
is attributed (as in crystal A1) to an exciton bound to an
ionized donor. The weaker transition at 1.824 eV can be
assigned to an exciton bound to a neutral donor. Both
transitions suffer a shift to higher energies, likely due to
the strain in the crystal. The LO replicas of these two
transitions are also observed at 1.804 and 1.799 eV [Fig.
7(a)], respectively. Note that the intensity ratio for the
two original lines (1.832 and 1.824 eV) is inverted in the
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LO replica (1.804 and 1.799 V), i.e., the stronger peak in
the replica is the exciton bound to a neutral donor. Note
also that crystal B does not show any emission that can
be attributed to an acceptor-bound exciton (contrary to
crystal Al). This observation is associated with the
smaller Na impurities, observed in this crystal, which
serve as a substitutional acceptor in II-VI materials.”!*

In Fig. 8(a) the photoluminescence of crystal A2 is
shown at 60 K, while that of crystal B (61 K) is shown in
Fig. 8(b). The high-energy side of the photoluminescence
spectrum of crystal A2 [Fig. 6(a)] consists of a relatively
broad peak (1.811 eV). Using a coefficient of 2.8 X 10™*
eV/K for the shrinkage of the energy gap of CdSe with
temperature in this domain,'® a gap of 1.824 eV is calcu-
lated at 60 K, indicating that the above peak is a mixture
of the band-to-band and donor-bound-exciton transitions.
The series of lower-energy transitions beginning at 1.735
eV are the DAP’s and their corresponding phonon repli-
ca. It was observed before”!” that the donor-acceptor
peak of CdSe exhibits a slight blue shift, upon increasing
the temperature, up to about 60 K. The spectrum of
crystal B consists of three high-energy peaks at 1.835,
1.827, and 1.810 eV, and a DAP at 1.753 eV (possibly the
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FIG. 7. Photoluminescence of CdSe crystal B at 2 K. Excita-
tion wavelength is 647.1 nm. Light intensities: OD, 0-1.2
MWcm™% OD, 2-12 KWcm ™2 Numbers designating the
peaks are in eV. OD denotes optical density.
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latter is mixed with a free-electron-to—bound-hole transi-
tion). It is noticed that the difference between the DAP
energies of the two crystals increased (18 meV) at 60 K,
compared with 2 K (13 meV). This increase is consistent
with the observation that the DAP transition in crystal B
is produced by a shallower donor than in crystal A2.
Thus, by increasing the temperature the donor in crystal
B ionizes easier and the DAP transition is mixed with a
free-to-bound transition at 60 K. We attribute the
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FIG. 8. Photoluminescence of CdSe crystals at 60 K: (a) A2
(0.3 Q cm); (b) B. Numbers designating the peaks are in eV.
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1.835-eV peak to the B gap (I';,-I';.) and the 1.827-eV
peak to the A gap (I'y,-I";.). The 1.810-eV shoulder is a
LO replica of the first transition. The second LO replica
of this transition at 1.783 eV is observed under strong ex-
citation only.

To determine the activation energy (E ,) for the disso-
ciation of the donor state, the photoluminescence of crys-
tal A2 at various temperatures was measured. We use?’

1
I=1
®1+exp(—E /kT) "’

where I and I, are the heights of the donor-acceptor
peaks at a given temperature and at some reference tem-
perature, respectively. Plotting In(f,/I—1) versus 1/T,
the activation energy can be determined from the slope.
Using this method the activation energy for the DAP of
crystal A2 (1 Q cm) was determined to be 17 meV.

The photoluminescence of crystal A2 at 140 K consists
of a peak at 1.781 eV, which can be ascribed to a band-
to-band recombination, while that of crystal B consists of
a shoulder (1.826 eV) and a peak (1.798 eV). The 1.798-
eV peak is ascribed to a recombination from the A gap,
while the 1.826-eV peak can be associated with a lumines-
cence from the higher (B) (I';,-I';.) gap, which is higher
by 25 meV from the A (Ty,-T';.) gap.'® Whereas the
lowest transition (A) can be excited by Elc light, both A
and B gaps can be excited by E||c light. This transition is
enhanced in crystal B likely due to the fact that the crys-
tal orientation is tilted from the c axis (see below).

Figure 9 shows the temperature dependence of the two
main photoluminescence peaks of crystal B. Both peaks
exhibit the same temperature shift (4.56X10™* eV/K)
and they are separated by about 26 meV. This observa-
tion suggests that they can be associated with the two
lower transitions of CdSe (the A and B gaps).

D. Spectral response

Photocurrent spectra were measured at room tempera-
ture. They were analyzed using the modified Gartner
model.2! The results of the analysis are shown in Fig. 10.
The band gaps of the two crystals are 1.704 and 1.711 eV
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FIG. 9. Temperature dependence of the two photolumines-
cence maxima in crystal B.
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FIG. 10. Band-gap analysis at room temperature obtained
from photocurrent measurements of the two kinds of CdSe crys-
tals (1-Q cm A2 and B).

for crystals A2 (A1) and B, respectively. Since the slope
in this figure is proportional to 1/N}2, it can be conclud-
ed that the free-carrier density of crystal B is higher than
that of crystal A2. Notice, however, that the room-
temperature gap determined from the photocurrent mea-
surements is smaller than that determined from the peak
of the photoluminescence measurements at room temper-
ature (1.730 and 1.750 eV for crystal B).

It is also worth mentioning that the photoresponse of
A crystals in a solution of polysulfide electrolyte was su-
perior to that of crystal B. After photoelectrochemical
etching (photoetching) the photoresponse of the two crys-
tals increased for supra-band-gap illumination and it ex-
hibited a red shift of a few meV.?? Crystal A2 exhibited a
better photoresponse than crystal B after photoetching,
although the difference between the two crystals was not
as large as before photoetching. It was noticed before??®
that, while the improvements in the photoresponse of
high-quality crystals is rather modest after photoetching,
substantial improvements are obtained with lower-grade
materials. This effect could be explained by the refrac-
tion of the light impinging on a textured surface, which
produces a larger enhancement in the photoresponse for
materials with small minority-carrier diffusion length.

E. X-ray diffraction

To try to understand the reasons for the marked
differences between the optical properties of crystals A2
and B, a detailed x-ray investigation was carried out on
both type of crystals in the Laue mode. Crystal A2 ex-
hibited a high-quality diffraction pattern with hexagonal
symmetry typical of the (0001) face of this crystal.
Furthermore, rocking curves were taken for this kind of
crystal. The full width at half maximum was found to be
of the order of 10 arcsec, which attests for the quality of
the A crystals. Crystal B exhibited an hexagonal
diffraction pattern, but much less regular. First, in a
number of selectively irradiated regions, on each of two
analyzed B samples, there was a clear evidence for the
presence of more than one crystallite in the irradiated
zone (1 mm). Furthermore, the symmetry of the dif-
fraction image was not always reproducible. In some
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cases four-axis symmetry was observed. Additionally, in
a few zones the diffraction dots were not sharp, which
was interpreted as an evidence for strain in the crystal.
Fractures of crystal B were examined as well. It was
found that some of the fractures contained planes which
deviated 13° from the (0001) hexagonal face.

IV. DISCUSSION

Regarding the transport measurements, both kind of
crystals show the same power .law in the temperature
range between 130 and 340 K for the mobility versus
temperature. The exponent n=—1.15 shows that the
scattering mechanism is not purely by acoustic phonons,
which would yield n=—1.5:> In polar semiconductors
scattering by optical phonons exists too. At high temper-
atures variation of the mobility due to scattering by opti-
cal phonons behaves like T~ !/2.2* The combined mobili-
ty adds up reciprocally. It appears that the dominant
scattering mechanism in the high-temperature range is
the scattering by acoustic and optical phonons.> At low
temperatures scattering by ionized impurities predom-
inates. The temperature range available in these mea-
surements was too small to permit the determination of
the slope. However, it is noticed that the mobility of
crystal Al is higher than that of crystal B, which is in
agreement with the observation that the concentration of
ionized impurities is larger in the latter case.

As one can see from Table I, the transport properties
indicate that the density of free carriers is larger in crys-
tal B than in crystal Al, and the mobility of the electrons
in crystal B is inferior to that in crystal Al. In addition,
the x-ray Laue measurements show that crystal B is actu-
ally not a single crystal and that it has many irregularities
in the lattice.

In order to analyze our data we have fitted the temper-
ature dependence of the free carriers [Fig. 3(a)] to the fol-
lowing model:*’

n(n—=N,) _ 1 2Q2am*kT)*”?
Npy—N,—n D PE

exp(—E ,/kT) ,

where n is the free-carrier concentration, D the degenera-
cy (=2), N ,,Np the density of acceptors and donors, re-
spectively, m * the effective mass of electrons (=0.13m,),
and E , the activation energy of electrons.

The results of the computer fit are shown in Fig. 3(b).
A satisfactory agreement with the experimental data was
obtained using the parameters given in Table III. It is
noticed that the density of free carriers is larger in crystal
B than in crystal A1l for all temperatures, as indicated by
the experiments. In crystal Al the fit could be achieved
only if two separate regimes were assumed. At low tem-
peratures the behavior of the free-carrier density was
dominated by the ionization of a shallow donor (7.3
meV), while the high-temperature behavior was dominat-
ed by the ionization of a deeper donor (36 meV). The
transport measurements suggest that two kind of shallow
donors exist in CdSe crystals of that kind: a very shallow
donor of energy of about 7-10 meV and a deeper one
(22-36 meV). It is important to note that 7-10-meV level
is the shallowest impurity level reported for CdSe (to the
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TABLE III. Results of computer calculations of free-carrier density as a function of temperature.

Al Al
Crystal (low temp.) (high temp.) B
N, (em™3) 4.13Xx10' 2.03X 10" 7.93x 10"
Np (cm™3) 7.11Xx10'¢ 7.84 %10 9.62X10'°
E, (meV) 7.3 36.0 7.3
K=N,/Np 0.58 0.25 0.08

best of our knowledge). Very shallow levels of interstitial
alkali atoms were observed in ZnSe.'* Group-III and
-VII impurities were identified as somewhat deeper
donors in ZnSe.'*

The major contaminants in the source powder of crys-
tal A are S (1%) and Zn (23 ppm), which are isoelectronic
with Se and Cd, respectively. The source material of
crystal B contained some Ca (10 ppm) and Si (9 ppm).
These contaminants are not known to have shallow levels
in CdSe and they were not found in substantial quantities
by SIMS analysis.

The photocurrent spectra presented in Fig. 10 show
that the band gap of crystal B is larger by 8 meV from
that of crystal A. The broadening of the gap for crystal B
could be attributed to a Burstein-Moss shift,2®?’ or to the
existence of a strain in crystal B. Using the free-carrier
densities of the two crystals (Table II) and the effective
mass of the electron (0.13m, ), 1% 5ne can expect that crys-
tal B will exhibit a gap larger by 2 meV than that of crys-
tal A2. The first possibility can be ruled out, however, as
indicated from the low-temperature photoluminescence
measurements. First, the bound exciton of crystal B is 3
meV higher in energy than the expected position (1.824
instead of 1.821 eV) at 2 K; second, the peak of the
band-to-band transition in the photoluminescence mea-
surements (effective band gap) is higher in crystal B than
in crystal A2 at 140 K. This suggests that the difference
in band gap persists also at low temperatures and is in-
dependent of the density of free carriers, as would be ex-
pected from the Burstein-Moss theory. It emerges there-
fore, that the difference in the band gaps of the two crys-
tals can be attributed to the strain in crystal B, and to the
deviation of crystal B face from the (0001) plane, which
was verified experimentally through x-ray Laue measure-
ments.

Crystal B shows a weak exciton peak at 1.824 eV, be-
sides the strong 1.832-eV line. The former line might
have the same origin as the 1.821-eV line in crystal A
(I,), but shifted due to stress. This interpretation is sup-
ported by the transport measurements, which indicate
that the concentration of the deeper donor (20 meV) in
crystal B is at least 1 order of magnitude lower than in
crystal Al. The peak at 1.832 eV in crystal B is assumed
to originate from a recombination of an exciton bound to
an ionized donor, again shifted to higher energy due to
the inner stress in the crystal. This identification is sup-
ported by the reversing of the intensity ratio of the LO
replica of the two peaks. The exciton bound to a neutral
donor is expected to have stronger interaction with the
optical phonons than excitons bound to ionized donors,

and hence the inversion of the intensity ratio in the LO
replica. The high doping level of crystal Al produces
strong donor-donor interaction, which leads to a higher
ratio of densities of ionized donor to neutral donor than
in crystal A2. Therefore, the luminescence of crystal Al
(and B) is dominated by an exciton bound to an ionized
donor, while in crystal A2 the luminescence of excitons
bound to neutral donors is prevalent.

Considering now the donor-acceptor pair lumines-
cence. Crystal A2 (1 Qcm) exhibits a spectrum similar
to that found in Refs. 7 and 8 for CdSe, which has been
annealed in NaCl atmosphere (B1 band). In Ref. 28 a
similar spectrum was obtained for crystals which were
grown from the vapor phase. In Ref. 7 the authors argue
that the donor state in this case is a Clg, atom (Cl at a Se
site) and the acceptor state is assigned to Nagy. The
donor energy is assumed to be 19 meV,’ which is compa-
rable to the activation energy of the deeper donor of this
study as concluded from the photoluminescence and
transport measurements. The energy of the DAP
luminescence peak (under weak excitation) in Ref. 7 is
1.7325 eV. The value of the fundamental gap of CdSe is
1.841 eV (Ref. 28) at 2K (in Ref. 7 the band gap is overes-
timated by about 19 meV). Taking these values together,
one obtains a rough estimation of the acceptor energy of
85-90 meV (rather than 109 meV in Ref. 7).

The line shape of the DAP of the In-doped A1 crystal
(0.3 Q cm) varies considerably with light intensity, and is
different from that of the 1-Q cm (A2) CdSe (see Figs. 5
and 6). In fact, crystal Al exhibits two donor-acceptor
transitions differing by about 10 meV. (The experimental
difference between the two transitions, under weak light
intensities, is 8 meV. If deconvoluted this difference is
likely to be closer to 10 meV.) In Fig. 11 the theory of
Neumark et al.'>®"15@ js ysed to calculate the position
of the maximum of the donor-acceptor pair as a function
of light intensity, for two donor densities, and for two
sizes of the Bohr radius. A comparison with the experi-
mental data of crystals A1 and A2 is shown as well. It is
found that the maximum of the DAP of crystal A2 varies
with intensity in a manner typical of crystals with
Np=1X10" cm™3 (curve 1), while the low-energy
donor-acceptor peak of crystal Al varies with an intensi-
ty akin to crystals with N, =7.5X10'® cm 3 (curve 2).
It is noticed that the donor densities used for the fitting
conform with those provided by the supplier and the Hall
measurements. This calculation indicates that the
donor-acceptor peak of crystals A2 and the deep donor-
acceptor transition in crystal A1 have the same origin.
In view of the high [Na]/[Cd] ratio in crystal A2 (and
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FIG. 11. Analysis of the DAP luminescence from the theory
of Newmark et al. [Refs. 15(b) and 15(d)]. Curve 1: Bohr ra-
dius 40 A; Np=1X10" cm™3. Curve 2: Bohr radius 40 A;
Np=7.5X10" cm™>. Curve 3: Bohr radius 24 A;
Np=7.5X10"%cm 3. ¥, experimental results for crystal A2;
W, experimental results for crystal Al.

Al), and the agreement with the literature, it is conclud-
ed that this transition can be attributed to a substitution-
al sodium (acceptor) and interstitial sodium (donor). It is
assumed that substitutional sodium (Nagy) serves as an
acceptor for the two donor-acceptor transitions, and
hence the energy difference between the two DAP reflects
the difference in the donor energies, under weak illumina-
tion.

It has been suggested that acceptor states derived from
group-I elements Li and Na take the following energy
levels in CdSe: for Li, E;,+0.109 eV;¥®»7 and for Na,
E,+0.109 eV [Refs. 8(b) and 7] and E;, +0.082 eV.!®

Note, however, that in Ref. 7 the sum (E;) of the
donor ionization energy plus acceptor ionization energy
plus donor-acceptor peak is 1.860 eV, whereas in Ref.
8(b) this sum is 1.847 eV, compared with the experimen-
tal value of 1.841 eV.?° If a correction is made to that en-
ergy, then the acceptor energy is E,, +0.089 eV in Ref. 7
and about E;,+0.100 eV in Ref. 8(b).

The values obtained for crystal A2 (1 Qcm) are in
good agreement with these data, and hence it is likely
that the same kind of donor-acceptor pair transition is in-
volved, i.e., Clg.-Nagy, or Na;-Nay,. However, very little
amount of Cl was found in crystals A using SIMS mea-
surements; hence the second assignment is preferred.
Crystal A1l exhibits two transitions: the deeper one at
1.728 eV likely has the same origin as the DAP pair in
crystal A2, i.e.,, Na;-Nacy; the shallower transition at
1.736 eV is likely to be associated with the In shallow
donor (Ingg-Nagy). One can assume a common acceptor
for the two DAP transitions (Nagy). One can assume a
common acceptor for the two DAP transitions (Nacy).
In that case the difference between the two shallow donor
states of 8—10 meV agrees very well with the values deter-

mined by Hall measurements (20 and 10 meV, respective-
ly). Consequently, the acceptor energy is concluded to be
0.095 eV, in good agreement with the values cited above.
The DAP transition in crystal B was found to be shallow
(1.748 eV) and to vary only little with light intensity, un-
der the strong light intensities used in this experiment.
Since this crystal was found to contain much less Na than
crystals A, and more In, it can be assumed that the DAP
transition of crystal B is of the type Ingy-Nacy. The
difference (about 10 meV) between the shallow DAP tran-
sition in crystals A1 and crystal B could be attributed to
the strain (2-7 meV) present in crystal B, and to the
strong excitation intensity. Preferential ordering of the
pairs® cannot be excluded. Assuming, then, the In to be
responsible for the shallow donor level (7-10 meV), and
the Na for the deeper level (22-36 meV) it is clear that
the transport properties and the photoluminescence of
crystals A are dominated by the Na level, while the prop-
erties of crystal B are dominated by the In level. A some-
what different situation was found for Na-doped
ZnSe."® Using a careful analysis of photoluminescence
data, it was concluded that interstitial Na constituted the
shallow donor states in ZnSe, while the deeper donor-
acceptor transition was assigned to In. However, no ex-
perimental data are presented as for the variation of the
two peaks with light intensity in ZnSe. It is possible that
the difference between the spectra of the two crystals
emerges from the different crystal structure (ZnSe has cu-
bic structure, while CdSe has wurzite structure). It
should also be noticed that the ZnSe crystals were inten-
tionally doped with alkali metals, and the In served (pos-
sibly) as a residual impurity, which is the opposite situa-
tion in our case (In served as the extrinsic dopant and Na
as the residual impurity). Henry et al.® studied the pho-
toluminescence of Na-, Li-, and In-doped CdS (which has
a wurzite structure like CdSe). They concluded that the
donor level of In is situated 0.034 eV from the conduction
band (Ga at E,—0.033 eV). To determine the levels of
Na and Li, they doped the CdS crystals with these ele-
ments and studied their photoluminescence spectrum.
They suggest that interstitial Na and Li are responsible
for the donor states. Taking the value of the energy gap
of CdS at this temperature as 2.582 eV,!® the acceptor
levels of Na and Li are found by them to be E; +0.169
eV for Na and E,, +0.165 eV for Li; the donor-acceptor
transitions are found to be 2.391 eV for Na and 2.397 eV
for Li, and one obtains (disregarding any Coulomb shift)
for the donor levels of Na and Li the value E_-0.022 eV.
Thus, in CdS too (as was found for ZnSe) the donor levels
of the alkali metals are seemingly shallower than the
donor levels of group-III elements. Further experiments
are necessary to clarify this point. However, it is possible
that other impurities were introduced during the growth
process. Since no impurity analysis was done in this case,
it is not possible to do any conclusive comparison be-
tween the present work and Ref. 8.

Crystals A contains some 1 at. % S, yet they do not ex-
hibit line broadening of the exciton PL lines, which is
typical of semiconductor alloys. It was shown®' that the
addition of < 1 at.% Se into CdS does not yield
broadening of the free-exciton line in undoped high-
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resistivity crystals. Larger concentrations of Se yield po-
tential fluctuations which produce strong localization of
the free exciton and broadening of the emission line. In
the present study low-resistivity crystals were used and
the free-exciton transition was overwhelmed by the
deeper bound-exciton transition. Broadening of bound-
exciton lines was observed in various II-VI alloys®® also
due to potential fluctuations. No such broadening was
observed in crystal A2 (1 2 cm) and hence the trapping
of excitons in potential fluctuations produced by sulfur
atoms is not relevant in this case.

V. CONCLUSIONS

The optical and electronic properties of Bridgman-
grown, low-resistivity CdSe were investigated. They were
found to be governed by two donors. A shallow level (10
meV), which was not reported before, and a deeper one
(20 meV). The analysis of the data suggests that In is re-

sponsible for the shallow level, while the deeper level is
attributed to Na. This is in contrast with recent data on
ZnSe. Further experiments are required to understand
the reason for the difference between these two closely re-
lated crystals.
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