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Studies have been conducted which clarify the mechanism producing the 0.8-eV photoluminescent band in
Al Ga,_,As:Cr. Photocapacitance was employed to measure the optical ionization energies of Cr’* with
respect to the conduction and valence bands as a function of composition x. It was shown that the sum of
the optical ionization energies of Cr’* exceeds the direct energy gap by an amount AE, the magnitude of
which decreases with increase in x. An explanation of this result is given in terms of the conduction-band
structure and Stokes’ shift. Photoconductivity measurements were carried-out which establish the degeneracy
range of the Cr’*(’E) excited level with respect to the conduction band as x is varied from 0 to 0.6.
Alternate models of photoluminescent intraimpurity transitions from Cr levels in n- and p-type crystals are

analyzed.

I. INTRODUCTION

Gallium arsenide doped with 'Cr has been the
subject of numerous investigations!™ because of
its great technological importance. However, the
physical nature of the Cr centers has not been
firmly established. The AlGaAs:Cr system may
have even greater technical importance [e.g., as
the semi-insulating material in metal insulator

semiconductor (MIS) field-effect transistor devices].

Photoluminescent studies on Al,Ga,.,As:Cr sin-
gle crystals at 77 K have shown® 7 that the Cr?*
band located at 0.8 eV is independent of Al com-
position x. This result led us to conclude that
this band arises from internal transitions between
the °E excited state and the °T,(Cr?) ground level.
The present study was undertaken in order to de-
termine the energy level diagram of the
Al Ga,_,As:Cr system and to obtain further exper-
imental evidence concerning the nature of the pho-
toluminescent transitions which produce the 0.8-
eV band.

II. CRYSTAL GROWTH

The AL Ga,. As:Cr single crystal layers were
grown on (100) GaAs substrates using liquid-phase
epitaxial (LPE) techniques. High quality crystals
of the desired composition (0<x<0.6) were pre-
pared by adding the required amount of Al to As-
saturated Ga melts as specified by the phase equi-
libria data of Panish and Ilegems.? Semi-insulat-
ing crystals were obtained by adding 0.5 mole %
Cr to the melt and n- or p-type layers were grown
by doping with Sn or Ge.

Prior to growth, the melts were baked out for
50 h at 800 °C in flowing H, to remove residual
impurities. The melt was then placed on the sub-
strate and an LPE layer, =5-pum thickness, was
grown as the system cooled from 800 to 785 °C.
Terminating the growth cycle at 798 °C, provided
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=0.5-um layers. The semi-insulating layers had
differential resistivities in the 10 € ¢m range
at 1 V, and the carrier concentration in the Sn or
Ge doped layers was adjusted to 1-5X% 10 cm™3,

III. PHOTOCAPACITANCE MEASUREMENTS

Electron-spin resonance studies®"!! have shown
that Cr can be present in three different charge
states in GaAs. These include Cr*, Cr?, and Cr*
ions which are in order (i) neutral, (ii) single
negatively and (iii) double negatively charged with
respect to the lattice.

Photocapacitance measurements were carried
out in order to determine the location of the Cr?*
ground level within the energy gap of Al.Ga,. As:Cr
and its dependence on composition x. A double
source photocapacitance technique, as described
by White et al.,'? was used for this purpose.
Schottky barrier diodes were prepared by evapor-
ating small Audots on (#)ALGa, ,AS:Cr single-
crystal layers and breaking down one of the dots
to form an ohmic contact.

The sample was irradiated simultaneously with
light at both the prime and probe energies. The
prime energy was fixed slightly below the band
gap while the probe energy was varied to excite
the various levels under investigation (0.7 to 2.2
eV in our studies). The prime light creates a
fixed population of holes on the Cr?* levels which,
in accordance with the transition probabilities and
relevant rate equations, produces a steady state
capacitance. This capacitance is altered as the
second light source (probe radiation) is swept from
low to high energies. Above the ionization energy
of Cr?* or Cr* the probe light upsets the steady
state populations by transfer of carriers to the
conduction or valence band, respectively. These
carriers are swept away by the electric field at
the depletion region, thus altering the space charge
distribution so that the capacitance changes to a

2059 ©1979 The American Physical Society



2060 K. KOCOT, R. A. RAO, AND G. L. PEARSON : 19

new value, greater or smaller according to wheth-
er the transitions are to the conduction or valence
band.

A typical photocapacitance spectrum of an n-type
Al Ga,  As:Cr crystal is shown in Fig. 1 as mea-
sured at 85 K. Two thresholds are observed which
we assign to Cr levels. This assignment is based
on the fact that the thresholds appear only in Cr
doped samples, and that they are located in the ex-
pected energy range. The negative change of ca-
pacitance corresponds to transition of holes from
the Cr® level to the valence band, and its thresh-
old gives the position of the Cr? level with respect
to the top of the valence band. The positive change
of capacitance corresponds to the transfer of elec-
trons from the Cr? level to the conduction band
and its threshold gives the location of the Cr?* level
with respect to the conduction band. The measured
value is dependent on the relative positions of the
I and L minima as will be discussed in Sec. V.

The thresholds of electronic transitions from
the Cr* ground level ‘to the conduction band -
are shown in Fig. 2(a) for crystals having dif-
ferent values of x. It is seen that the optical
ionization energies vary from 0.80 to 1.00 eV
when x varies from 0 to 0.42. Figure 2(b) shows
the thresholds of hole transitions from the Cr?*
ground level to the top of the valence band as ob-
tained from the same set of crystals. In this case
the optical ionization energies vary from 0.90 to
1.20 eV. A summary of the data together with the
T and L band gap energies are given in Table I.

It is to be noted that the sum of the ionization
energies at each value of ¥ exceeds the direct
bandgap E';" by an amount AE. This excess, as
plotted versus crystal composition in Fig. 3, de-
creases with x but levels off around 0.3. This be-
havior will be discussed in Sec. V.
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FIG. 1. Photocapacitance spectrum of n-type Aly, 4 -
Gay,53As:Cr at 85 K, The structure between 1.0 and 1.3
eV arises from the Cr?* level.
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FIG. 2. Photoionization thresholds of the Cr?* level in
(n) Al,Gay.,As:Cr. (a) Conduction band and (b) valence
band. Note that the ordinate scale is reversed in (b).

Similar photocapacitance measurements were
carried out on p-type crystals. Since it was im-
possible to make satisfactory Schottky barriers on
this material, the measurements were made on
grown (p)ALGa, As:Cr — (n*)GaAs heterojunctions.
Thresholds were observed at the same energies as
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FIG. 3. Sum of the optical ionization energies of Cr2*
minus the band gap energy vs x.
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TABLE I. Optical ionization energies of Cr with respect to the valence and conduction
bands at 85 K. (All energies are given in electron volts.)

Cr% — valence

x? band® conduction band — Cr# zE, ¢ EL° EL! AES
0 0.90 0.80 1.70 1.52 1.71 0.18
0.12 0.99 0.83 1.82 1.67 1.79 0.15
0.20 1.04 0.85 1.89 1,77 1.84 0.12
0.27 1.09 0.89 1.98 1.87 1.89 0.11
0.35 1.14 0.94 2.08 1.98 1.93 0.10
0.42 1.20 1.00

2.20 2.09 1.98 0.11

2 Al composition of Al,Ga,_,As:Cr crystal.

bJonization energy of Cr* with respect to the valence band.
¢Jonization energy of Cr? with respect to the conduction band.

dSum of the ionization energies.
¢ Band gap at the I point.

fBand gap at the L point (295 K).
ELE, —EL.

in n-type Al,Ga,_,As:Cr, but the direction of capa-
citance change was reversed. Increase of capaci-
tance in p-type crystals is caused by hole emission
from the Cr?® center, while transitions from the
Cr?* level to the conduction band (electron emis-
sion) are observed as a decrease in capacitance.

IV. PHOTOCONDUCTIVITY MEASUREMENTS

Photoconductivity measurements were carried
out in order to determine the composition range
in which the Cr?*(°E) excited level is degenerate
with the conduction band and also to verify the op-
tical ionization energies obtained from our photo-
capacitance measurements.

N-type AL Ga,.,As:Cr LPE layers with selected
Al compositions were grown on high resistivity
undoped GaAs substrates. Ohmic contacts were
applied to the conduction layer by alloying In
pellets.

The photoconductivity spectra shown in Fig. 4
were recorded from crystals having compositions
0.0 <x <0.6. The peaks centered around 0.95eV are
due to 5T,(Cr?)—°E transitions; those at 1.5 eV
are from band-to-band transitions in the GaAs
substrate and those at higher energies from band-
to-band transitions in the Al1GaAs layer. Note that
the Cr peaks are present in crystals with x =0,
0.12, and 0.23 but are absent when x =0.38 and
0.60. The °E excited level must therefore be with-
in the conduction band when x < 0.23 and within the
band gap when x > 0.38.

V. DISCUSSION

This section will discuss the dependence of the
ionization energies of Cr?* on Al composition, the
degeneracy of the SE(Cr?) excited level, and al-
ternate models for describing photoluminescent

intraimpurity transitions in AlGaAs:Cr.

It was mentioned in Sec. III that the sum of the
optical ionization energies with respect to the val-
ence and conduction bands exceeds the direct ener-
gy gap by an amount AE. The relationship be-

x=0.0
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FIG. 4. Photoconductivity spectra of (n)ALGay. As:Cr
at 85 K, The peaks located near 0.95 eV are due to Cr?*
internal transitions.
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tween AE and Al compositions ¥, as shown in Fig.
3, can be explained by the conduction band struc-
ture of Al,Ga,_,As:Cr after taking the Stokes shift
into account. The L minimum is 0.19 eV above
the I' minimum in GaAs. The Cr level is highly
localized in real space and hence ‘is delocalized
(spread out) in % space so that optical transitions
are possible to the L minimum. Since the density
of states in the I' minimum is much smaller than
in the L minimum, only the higher-energy re-
gions of the valley contribute to the photocapaci-
tance change. Even at x =0 the change of capaci-
tance as a result of transitions to the L minimum
is larger than that due to transitions to the I" min-
imum. As x increases, the I' minimum moves up
in energy faster with respect to the valence band
than the L minimum and both have approximately
the same value at ¥ =0.4. Beyond this point
Al,Ga,_.As:Cr becomes an indirect gap material.
It thus follows that the energy involved. in optical
transitions from the Cr?* ground level to the con-
duction band-should increase rapidly at first as x
increases from zero but approach a constant value
as we approach and pass x =0.4.

The DLTS measurements of Lang and Logan on
GaAs:Cr'® have shown that the thermal ionization
energy of transitions from Cr? to the bottom of
the conduction band is 0.61 eV. Hence, at x=0,
the energy involved in optical transitions into the
conduction band should have an intermediate value
between 0.61 eV (T valley) and 0.80 eV (L valley)
which is consistent with the value of 0.80 eV
(AE=0.18 eV) given in Table I. Based on these
considerations, AE is expected to approach O as
x approaches 0.4. However, a contribution from
the Stokes shift causes AE to level off at 0.1 eV
as indicated in Fig. 3. It should be noted that the
thermal excitation energy of GaAs:Cr plus its op-
tical ionization energy to the top of the valence
band is equal, as expected, to the direct bandgap
energy (E; =1.52 eV at 85 K).

From the above analysis and the experimental
results presented in this paper, we have drawn
the energy level diagram shown in Fig. 5. The
solid data points give the position of the T (Cr?*)
ground level with respect to the conduction band
as obtained from photocapacitance thresholds,
and the open circles indicate the energy position
of the 5E excited level as obtained from photocon-
ductivity peaks. The dashed portion of the curve
has been extrapolated beyond the region where
measurements were possible. It can be seen that
the Cr?*(°E) excited level is a resonant state (de-
generate) in Al ,Ga,_,As:Cr crystals when x is less
than =0.35 but is a discrete state ( a state lying
within the band gap) when x is greater than this
value.
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FIG. 5. Energy level diagram of Al,Ga;_,As:Cr. e
from photocapacitance data, o from photoconductance
data—extrapolation.

The results presented in Ref. 6 together with
the photocapacitance and photoconductivity data
givenabove prove that the 0.8-eV photoluminescent
peak in ALGa,  As:Cr is due to intraimpurity
transitions.

The models shown in Fig. 6 are proposed to ex-
plain internal field transition in both #- and p-type
AlGaAs:Cr crystals. The Cr atoms occupy Ga or
Al sites and therefore appear in the 3+ charge
state in high purity crystals. However, compen-
sation exists in n-type material containing shallow
donors which converts Cr to the 2+ charge state.
Electrons are excited from the Cr*(°T,) ground
level to the conduction band by laser light to pro-
duce Cr in the 3+ charge state and an electron in
the conduction.band. The Cr* center then captures
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FIG. 6. Possible excitation mechanisms of photolumin-
escence in n- and p-type Al,Ga;_,As:Cr crystals based on
crystal-field theory.



an electron to produce a Cr? center in the °E ex-
cited state which decays radiatively to emit the
photoluminescent signal as shown in Fig. 6(a).

In p-type AlGaAs:Cr, electrons are excited from
the valence to the conduction band and then cap-
tured by the Cr® centers to produce a Cr?* center
in the 5E excited state which, as inn-type crys-
tals, decays radiatively to give the 0.8-eV photo-
luminescent peak [Fig. 6(b)]. A second mechanism
is also possible in p-type crystals. Electrons are
excited by the laser light from within the valence
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band to the °E excited state of Cr?* and then decay
radiatively to the °T, ground level to produce the
photoluminescent peak as shown in Fig. 6(c).
Probably each of the described mechanisms con-
tributes to the 0.8-eV photoluminescent band in p-
type AlGaAs:Cr.
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