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Abstract

Samples of n-type CdGeAs, were produced by intentional doping with indium,
selenium, or tellurium impurities. A near-edge photoluminescence (PL) band
from heavily In-doped CdGeAs, samples shifts to higher energy and becomes
broader with increasing electron concentration. The observed shifts in peak
energies are compared to predictions for donor—acceptor pair and free-to-bound
(electron—acceptor) recombinations including band filling, band tailing, and
band gap shrinkage effects due to the high doping levels. Forn > 2x10"®%cm ™3,
the free-to-bound PL transition related to a shallow 120 meV acceptor level is
dominant. A lower energy PL band due to deep acceptors and normally seen
for p-type samples is the only emission observed from less n-type samples
(n ~ 10'°-10'7 cm~3) doped with indium, selenium, or tellurium impurities.
Transitions involving the deep acceptor level are not present in the PL for heavily
In-doped CdGeAs, crystals, which suggests that the deep acceptor may be a
Cd vacancy.

1. Introduction

CdGeAs; is a direct band gap II-IV-V; ternary chalcopyrite that has sufficient birefringence
and a large nonlinear electro-optic coefficient, which makes it suitable for use in infrared
frequency conversion applications. The band gap of this material is about 0.57 eV [1] at room
temperature and about 0.67 eV [2] at liquid helium temperature. In recent years, large, crack-
free, single crystals have been grown by the horizontal gradient freeze (HGF) technique [3-6].
Although laser devices have been reported using CdGeAs; crystals, absorption losses due to
defects are still a major limitation for the efficiency of the devices [7-10].
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As-grown CdGeAs; crystals grown by the HGF technique are usually p-type. Several
absorption bands extend from the band edge near 2.3 um out to 8 um. These absorption
bands have been assigned to transitions involving two acceptors (one deep and one shallow)
and one donor [11]. A discrete absorption band at 5.5 um for p-type material is assigned to
the intervalence band transition [12] between the top two valence bands resulting from free
holes created by thermal ionization of the acceptors. This 5.5 um band is easily observed at
300 K for p-type material. Two photoluminescence (PL) bands are also generally seen for
p-type CdGeAs, crystals [13—-15]. One broad PL band peaking near 0.35 eV is present for
most p-type samples. This band was assigned to a donor—acceptor pair (DAP) recombination
involving a shallow 14 meV donor and a deep 260 meV acceptor [11, 13, 15]. The other
commonly seen PL band for p-type CdGeAs, occurs near 0.55 eV, is present for samples with
enhanced 5.5 um absorption, and is attributed to a DAP recombination involving shallow
donors and a shallow 120 meV acceptor [13-15]. The 0.55 eV DAP emission can vary in
peak position by tens of meV due to potential fluctuations caused by high concentrations of
defects in as-grown material [16]. The shallow acceptor has been tentatively assigned to a
Ge,; antisite defect, on the basis of electron paramagnetic resonance [17] and supported by
theoretical predictions [18].

Intentional doping of CdGeAs; crystals with donor impurities can provide compensation
of acceptors and lead to reduction of the unwanted 5.5 ;wm absorption band. However, too high
a donor doping level is just as detrimental to the optical device performance, since free carrier
absorption will be present. Indium, selenium, and tellurium have been used as substitutional
donors to provide n-type CdGeAs, material [19, 20]. Not much is known about the specific
defect levels produced by these impurities, or how they interact with the native acceptors
commonly observed in the as-grown p-type material. Indium is expected to incorporate on
the group II site in CdGeAs; and behave as a singly ionized shallow donor. Indium doping
has often been used to produce n-type behaviour for I[I-VI compounds, and the indium ions
are closely matched to Cd ions in size. Selenium and tellurium are expected to incorporate on
the group V anion site (the As site) in order to behave as singly ionized donors. In this paper,
the PL of n-type CdGeAs, samples doped with indium, selenium, or tellurium is reported
and an analysis of peak shifts with increasing electron concentration in In-doped samples is
presented. The PL data provide a determination of which acceptor levels are present in these
n-type crystals.

2. Experiment set-up

The CdGeAs, samples used in this investigation were grown by the HGF technique at Stanford
University and at BAE Systems. Data from 12 samples cut from five different boules are
described here. The sample sizes were (4—5) x (3-5) x (0.6-1.8) mm?>. Table 1 provides
a summary of the boule and sample characteristics. The doping levels indicate the relative
impurity amounts added to the melt. The three indium-doped boules included in our study were
grown with approximately 10, 100, and 1000 ppm of In. The 1000 ppm In boule was grown
along the [001] direction and samples cut from different locations along the growth direction
had 300 K free electron concentrations varying by one order of magnitude. The 1000 ppm
doping level would correspond to approximately 2 x 10" cm~ if complete and uniform
incorporation and activation of the donor dopant occurred with no compensation of acceptor
states. The In-doped boule grown along the [112] direction with 100 ppm of indium yielded
more uniform results and samples exhibited free electron concentrations close to predicted
levels for complete and uniform incorporation. For doping with 10 ppm In, or with Se or Te,
there were regions in the boules which still exhibited p-type conductivity at 300 K. The twelve
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Table 1. Summary of impurity doping levels and Hall data (carrier concentrations and mobilities)
for the twelve n-type CdGeAs, samples included in our study. The doping levels indicate the
relative amounts of impurity atoms which were added to the melt.

Boule Electron Electron
growth Impurity, concentration ~ mobility
direction ~ Sample  doping level n (cm™3) w(em? V=157l
[001]* a In, 1000 ppm 4.3 x 10'8 1030
[001]* b In, 1000 ppm 2.7 x 10'8 974
[001]2 c In, 1000 ppm 4.6 x 107 199
112 d In, 100 ppm 2.9 x 1018 987
[1121° e In, 100 ppm 1.9 x 1018 1390
[1121° f In, 100 ppm 1.8 x 1018 1490
[112]° g In, 100 ppm 1.6 x 10'8 1360
[1121° h In, 100 ppm 1.5 x 10'8 1430
1

[1121>
[1121°

In, 10 ppm 3.3 x 1077 2040

j In, 10 ppm 2.3 x 10" 2770
[1121° k Te, 500 ppm 1.4 x 10" 1150
[001]* 1 Se, 1000 ppm 8.8 x 10'° 1640

4 Grown at BAE Systems.
b Grown at Stanford University.

n-type samples selected for this PL study were oriented and cut with the ¢ direction (i.e. the
[001] direction) perpendicular to the surfaces used for the optical measurements. Sample
surfaces were mechanically polished using diamond paste with granulation down to 0.1 pm.
Prior work has shown that surfaces prepared in this way are suitable for PL experiments [15].
Hall-effect measurements were performed using indium solder contacts in a van der Pauw
geometry and a commercial system from MMR Technologies.

PL spectra were acquired using a nitrogen-purged Fourier-transform infrared (FTIR)
spectrometer (ThermoNicolet Nexus 870). A CaF, beam splitter and a cooled HgCdTe detector
were used to take the data. Samples were mounted in an Oxford Instruments cryostat (helium
gas flow system) positioned outside the FTIR. This allowed the sample temperature to be
maintained near 10 K during the measurements. A Nd:YAG laser operating at 1.064 um
(1.17 eV) was used as an above-band-gap cw excitation source. The incident power density
of the laser beam on the sample was about 7.6 W cm ™~ unless stated otherwise. Emitted light
from the sample was collected by a CaF; lens and directed into the FTIR spectrometer through
an external port. Scattered laser light was blocked by a polished Ge wafer placed in the optical
path and used as a long-pass filter. An optical chopper and lock-in amplifier allowed detection
of the PL signal portion of the interferogram provided by the internal HgCdTe detector of the
FTIR system.

3. Results and discussion

PL data from the indium-doped CdGeAs; samples will be described first. Figure 1 shows
spectra taken at 10 K from samples a, b, and c. The higher energy emission bands from these
three samples are centred near 0.63, 0.61, and 0.51 eV, respectively. For samples a and b, the
lower energy PL band peaking near 0.35 eV is absent, although a weak emission from 0.4 to
0.5 eV is seen for sample b. The PL from samples cut from the 100 ppm boule (samples d—h)
were similar to those obtained from samples a and b, in that the commonly observed 0.35 eV
emission is absent and the spectra are dominated by a broad near-edge PL band near 0.6 eV or
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Figure 1. PL spectra taken at 10 K for three n-type In-
0.2 0.3 0.4 0.5 0.6 0.7 doped CdGeAs; samples: sample a (solid line), sample b
Energy (eV) (dotted line), and sample c (solid line).

higher. It is interesting that incorporation of high levels of In donors has reduced or eliminated
the radiative recombination involving the deep acceptor associated with the 0.35 eV PL band.
In contrast, the PL from sample ¢ shows two bands and is similar to PL spectra observed
from p-type samples having the two acceptors [15]. Sample ¢ has the lowest Hall mobility
for our sample set. The differences in PL behaviour depicted in figure 1 (samples cut from
the same boule) may be partially explained by the typical variations in optical uniformity that
have been reported for undoped CdGeAs; bulk crystals [6, 21]. Cross-sections cut normal
to the growth direction typically exhibit distinct regions of different optical transparency, and
preferential incorporation of impurities, structural defects (dislocations), and native defects
(acceptors) may occur for certain faceted planes [6]. For these intentionally doped samples,
impurity segregation along the growth direction may also be a factor.

The PL bands observed for CdGeAs, samples a and b, while still lower than the 10 K band
gap, appear at higher energy and are broader in linewidth than the normally observed DAP
band near 0.52-0.59 eV for p-type CdGeAs; samples. For sample c, the origin of the band
near 0.51 eV is most probably the DAP transition involving a shallow donor and the 120 meV
acceptor. The peak of the 0.51 eV band shifted to higher energy with increasing laser power.
The magnitude of the peak shift was about 15 meV when the power density changed by one
order of magnitude. This variation in peak position with excitation power is similar to that
attributed to the DAP recombination in p-type CdGeAs, [16]. The 0.51 eV peak energy is
slightly lower than those for most p-type samples we have studied, which suggests that sample
c is highly compensated with a larger magnitude of potential fluctuations than those typically
found for as-grown p-type CdGeAs, samples. The temperature dependence of the 0.51 eV
PL band from sample c¢ also had similar behaviour to the higher energy PL band for p-type
samples [16]. Thus, the higher energy band for sample c appears to be attributable to the same
DAP recombination at 10 K as that for p-type samples containing large concentrations of the
shallow 120 meV acceptor. Doping with indium donors did not suppress formation of the
shallow acceptor in CdGeAs, grown by the HGF technique.

The near-edge PL band for the heavily In-doped samples is broad (see figure 1) and
shifts to higher energy with increasing electron concentration. Band-to-band (B-B) [22-24],
electron—acceptor [25], and DAP [26] transitions all have these features for highly doped
semiconductors; thus it is often difficult to distinguish between these processes. Since we
attribute the 0.51 eV PL band for sample c to DAP recombination, we compare the data for the
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other In-doped samples with emission peaking above 0.5 eV to predictions for DAP in heavily
doped materials. For DAP recombination in n-type material, the Coulomb interaction between
the ionized donor and acceptor defects will increase with increasing donor concentration due
to a decrease in pair separation distance. Assuming that the free electron concentration ()
scales with the donor concentration, the PL peak energy (Ep) will vary as follows [26].

Ep. = Eo+ Cn'/3. (1)

Here, E is the energy difference between the donor level and the acceptor level (i.e.,
Ey = E; — Ep — E»). The parameter C is 62/27T8r80 (in SI units) assuming that the pair
distance between the donor and acceptor varies as r = %n’l/ 3. For CdGeAs,, the relative
dielectric constant &, is ~15 and the calculated value for C is 1.92 x 1073 eV cm™'.

Figure 2 shows the measured PL peak energy versus 300 K electron concentration for the
eight In-doped CdGeAs, samples of our set having a PL band above 0.5 eV. For CdGeAs; at
300 K, the intrinsic carrier concentration is about 2.7 x 10'3 cm™3. The degenerate doping
level for n-type material is about 1 x 10'7 cm™3. As shown in table 1, most of the doped
samples included in our study have near to or above this concentration, so the error introduced
in using the Hall measurement at 300 K for our PL analysis is assumed small. Also, we assume
that the donor levels are shallow and that most are thermally ionized at 300 K. The dashed line
is the best fit obtained using equation (1) and allowing both C and Ej to vary. This approach
gave Eg = 0.43 eV and C = 1.3 x 1077 eV cm. The E, value is much lower than the usual
DAP energy value of ~0.55 eV for p-type material. Also, we can rule out the DAP model, as
described using equation (1), because the parameter C obtained from the curve fit is one order
higher than the calculated value.

A second possible origin of the peak shifts in PL for the heavily In-doped samples is
the free-to-bound, or electron-to-acceptor (e, A’) one. Effects of band filling, band gap
shrinkage, and band tailing due to high doping concentrations in cubic materials have been
reported [22-24]. Here, we include a nonzero crystal-field energy splitting when determining
the nonparabolicity coefficient and make predictions for our n-type CdGeAs;. Equation (2)
gives the predicted PL transition energy for B-B recombination. For free-to-bound transitions,
E, is simply replaced with E, — E5. In equations (2)—(7), E}, is the Fermi energy corrected
by considering nonparabolic bands, E g is the Fermi energy for parabolic bands relative to the
bottom of the conduction band, ES* is the band shift due to the electron—impurity interaction
for screened Coulomb potentials and nonparabolic bands, EY is the Coulomb energy term in
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the case of parabolic bands, and E¢ is the band gap shrinkage due to the exchange interaction
between free carriers:

Ep. = Eg+ Ef — E& — ES o
0 Ep
=t (l_a_> 3)
F F Eg
hZ
ED = (2_’11*)(3712”)2/3 “
EO
s Eg(l - 2aE_F) 5)
g
7.[4/37,12 1 ,
_ "
e (W) (m_>" ©)
ES = (e/2me20)(3/m)'Pn'? = pn'l3. )

In equation (7), the band gap shrinkage parameter 8 for CdGeAs, is 1.89 x 1078 eV cm.
The parameter «, used in equations (3) and (5), is a dimensionless nonparabolicity coefficient.
Taking the conduction band density-of-states effective mass in CdGeAs, to be m* =

0.036 mg [27] and &, = 15, the calculation results give Eg and E{ as a function of the
free electron concentration in the following forms:
EX=10.13 x 107 4n*3 eV (8)
ES =6.75 x 107 "n*? ev. )

Next, we derive an expression for the nonparabolicity coefficient «, appropriate for our
noncubic crystal structure. From the k - p method, we use the following equation from [27],
which has been modified by assuming that the minimum conduction band of CdGeAs; is nearly
isotropic:

E(E — E\ — E))(E — E\)(E — E3) = $k*P?E(E + 3 Ay,)
+2K*P?[(E — E\)(E — E3) — 1Aw(E + Aep)] (10)

where P is the momentum matrix element, A is the crystal-field energy splitting, and Ay,
is the spin—orbit energy splitting. The energy values E; and E, are calculated from A,
and Ag:

E1,2 = _%(Aso + Acf) + %[(Aso + Acf)2 - %Aso : Acf]l/z- (11)
For CdGeAs,, Ay, = 0.33 eV, and Ay = —0.21 eV [1]; thus, E; = 0.16 eV and
E, = —0.29 eV. If one assumes the simple form of a parabolic band, then the expression
for the conduction band (relative to V) is
(hk)?
EC:Eg+E1+W (12)

where E, is the minimum band gap energy at k = 0, and m* is the electron effective mass. For
a nearly isotropic conduction band, E. can also be written in terms of the free electron mass
m and the matrix element P [27]:
(k7 KP* Eg+ Ei+3A
2m 3 Eg(Eg +E; — E))
. 2k*P? | Bso(Eg+ Ei+A)
3(Eq+ Ey) 3E(Eq+Ey— Ey) )’

E.=E;,+E +

(13)
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Figure 3. PL peak energy at 10 K versus room temperature electron concentration. The dashed
line is the prediction for the electron—acceptor transition if band nonparabolicity is ignored. The
solid line includes the nonparabolicity and is in better agreement with the data. The PL from
samples ¢ and h are assigned to DAP recombination and occur at lower energies. The acceptor
level associated with these PL emissions is ~120 meV above the valence band.

From equations (12) and (13), an expression for P? is found:
3w’ ( m*) E (Eg+ E| — E2)(Eg + E)
© 2m* (Eg+ EN)?+2Eg(Eg + E1 — Ey) — 3A0Act

P? (14)

m

If the conduction band is nonparabolic and one keeps terms of order up to and including k*,
then the conduction band energy (relative to the top of V,) is of the form [22, 23, 28]

h2k2 h2k2 2
Ee=E+E +— (£ (15)
& 2m* E, 2m*

where o, the nonparabolicity coefficient, is derived by substitution of (E. — h>k?/2m) into
equation (10). For our case, the coefficient & can be expressed in terms of Eg, Ey, Ez, Ay,
and A, as follows:

o= <1 — m_*>2 _ (6+4% _2%)
2 A w A
n (1+§—;) +2(1+§—;—§—;)—%§5g%g

(1+g_;)2+z(1+g_;_g_3)_g_§z

(1+%)(1+%_%)

In the limit of A.s = 0, our equations (14) and (16) reduce to expressions reported for cubic

systems [29, 30]. Using a low temperature band gap energy of E, = 0.67 eV, we find that

a = 0.776 for CdGeAs,. This value for « is used in equations (3) and (5) and shifts in PL

peak energy predicted for the free-to-bound recombination model can be compared to the data
from the In-doped CdGeAs, samples.

Figure 3 shows the PL peak energies and the predicted free-to-bound transition energies

for the shallow 120 meV acceptor in CdGeAs, assuming a parabolic conduction band (dashed

line) or a nonparabolic band (solid line). The effect on the acceptor level of incorporation

(16)
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Figure 4. The FWHM of the 10 K PL band versus the 300 K electron concentration for the
CdGeAs; samples doped heavily with indium. The solid line is a curve fit using equation (17).

of the donor dopant is assumed negligible. The free-to-bound transition energy is given by
E, — Eo = (0.67 — 0.12) eV = 0.55 eV (call this Epr) in the limit of an unperturbed
band gap. This 120 meV acceptor energy is based on PL results obtained from p-type as-
grown CdGeAs; [16]. Also, electrical activation energies of between 100 and 150 meV have
been reported for as-grown p-type CdGeAs, [31]. The inclusion of « in our model gives
predicted transition energies which are in excellent agreement with the PL peak energies for
n > 2 x 10" cm~3. Because the donor/conduction band states are merged at high free carrier
concentrations, the high energy PL band from the heavily In-doped n-type samples can be
treated as arising from free-to-bound or electron-to-acceptor (e, A”) recombination. Thus,
we determine that bulk CdGeAs, samples grown by the HGF technique and containing large
concentrations of indium donors still have the shallow acceptor defects, and it is these localized
states that serve as the ground state for the radiative recombination.

The linewidth of the PL band from heavily In-doped CdGeAs, samples increased with
electron concentration. The full width at half-maximum (FWHM) of the high energy PL band
is plotted as a function of n in figure 4. Increases in PL linewidth due to an increase in Fermi
level are often described by an n*/3 power law [32]:

FWHM = W, + kn*/3. (17)

The linewidths of the PL from the In-doped samples, especially at the higher concentrations,
are well described by this power law. The solid line in figure 4 is a ‘best fit’ obtained using
equation (17), and Wy = 0.019 eV and k = 2.9 x 10~'* eV cm?. This indicates that the line
broadening for the In-doped samples is consistent with band filling.

Our study also included four CdGeAs, samples that were low n-type (n < 10'® cm™3).
Surprisingly, the PL spectra for these four samples only had the one broad DAP band peaking
near 0.35 eV due to shallow donors and deep 0.26 eV acceptors [11]. Two of the four samples,
iandj, were cut from a boule doped with 10 ppmindium. This boule was grown along the [112]
direction and, for undoped crystals, we have often seen improved sample transparency and only
the deep-level PL band when this growth direction was used. Thus, large concentrations of
the shallow 120 meV acceptor may not have been present in this material. The PL from these
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two samples suggests that this low In doping level was not sufficient to suppress the deep-level
band. The two other low n-type samples, k and 1, were cut from boules doped with rather
high concentrations of Te or Se, respectively. Figure 5 shows representative spectra obtained
from these two samples. Group VI impurities, such as the Te and Se used here, will act as
singly ionized donors when incorporated on the anion site in CdGeAs,. Thus, it is tempting
to consider that doping on the As site will affect the formation of the shallow Geus native
defect during growth. As a result, the DAP recombination or electron—acceptor recombination
associated with Gea acceptors could be reduced or eliminated entirely. Although this is
consistent with the experimental result (i.e., no high energy PL band), it is still possible that
the concentrations of Geas acceptors were initially low to begin with in these samples due to
other growth factors. Further studies on a larger sample set are necessary in order to associate
suppression of the shallow Gexs acceptor with anion site doping.

4. Conclusion

The PL from n-type CdGeAs; crystals doped with indium, selenium, or tellurium can be used
to determine which acceptor states are present. In samples heavily doped with indium, the PL
band related to the deep native acceptor is absent, while the shifts in energy of the near-edge PL
are shown to be consistent with (e, A?) recombination associated with the shallow 120 meV
acceptor level (previously attributed to Geag). In our analysis, band filling, band tailing, and
band shrinkage effects were accounted for, and an expression was derived for describing the
nonparabolicity of the conduction band for nonzero A;. For Se- and Te-doped samples, the
PL due to the shallow acceptor level is absent, although the deep-level PL is still observed.
The absence of the deep acceptor in highly indium-doped samples suggests that doping on
the group II site is particularly effective in eliminating this defect. Our PL data suggest that
the deep acceptor may be an isolated Cd vacancy or a point defect complex involving this
vacancy.
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