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Thermal emission of electrons and holes from the Fe?*-Fe** level in Ing 53Gag 47As is investigated in
detail. Iron is found to act as a recombination center in this material, since majority carrier emission is
observed in n- and in p-type layers. The interaction of the Fe level with free carriers is strongly local-
ized, resulting in statistical distributions of the apparent activation energy and the electron and hole cap-
ture cross sections due to the statistical distribution of the occupancy of the cation sites by indium and
gallium ions. A detailed general model for carrier capture and emission of a recombination center in a
ternary alloy as observed by deep-level transient spectroscopy (DLTS) is developed. The mean energy
position of Fe?*-Fe’* is determined as 0.39+0.02 €V above the valence-band edge. This value agrees
perfectly with the prediction of the internal reference rule. The electron and hole capture cross sections
are distributed over nearly two orders of magnitude, causing a shift of the DLTS peaks with filling pulse
width and nonexponential refilling of the traps. The mean values at 250 K are 0, =8+5X 10~ '® ¢m? and
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0,=2£1X10""7 cm? for the electron and hole capture cross sections, respectively.

I. INTRODUCTION

In,_,Ga, As lattice matched to InP is a widely used
material for optoelectronic devices. Because of its high
electron mobility it is also suitable for high-speed applica-
tions. Layers with semi-insulating characteristics are
needed for various In,_, Ga, As devices, such as, e.g., for
the active region of high-speed metal semiconductor met-
al photodetectors? and pin diodes,? for device isolation
in integrated circuits,* and for the channel layer in metal
insulator semiconductor—accumulation mode field-effect
transistors.> Commonly, highly resistive layers are ob-
tained by doping with Fe, which acts as a deep acceptor
in III-V semiconductors and hence compensates for a
shallow donor background®~# usually present in nominal-
ly undoped materials.

While the electronic properties of iron in III-V binaries
were extensively studied,’ knowledge about Fe in the ter-
nary In,_,Ga,As is much less reliable and complete.
The data in the literature concerning the energy position
of the Fe**-Fe®* acceptor level within the band gap vary
over a range from 0.35 to 0.46 eV above the valence-band
edge.'® Moreover, capture cross sections for free-carrier
capture (0, for electrons and o, for holes) were not
determined directly up to now. To the best of our
knowledge, the most complete investigation so far was re-
ported by Guillot et al.!! They observed a resonance
peak at 0.34 eV in photoionization experiments. Com-
bining this with results from deep-level transient spec-
troscopy (DLTS) and photoluminescence (PL) measure-
ments they concluded that this peak is due to the internal
’E —°T, transition of Fe?* followed by the transfer of
the excited electron to the conduction band, and, hence,
the 0.35-eV apparent activation energy deduced from
DLTS belongs to the Fe?*-Fe** acceptor level.

Due to compositional fluctuations the energetic posi-
tion of defect levels in semiconductor alloys are common-
ly treated as distribution functions, which were often as-
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sumed to be of Gaussian shape. !> The capture cross sec-
tions even in alloy semiconductors, however, are com-
monly considered to be well-defined numbers (not distri-
buted). The aim of this paper is to show that for a
correct description of the properties of deep impurity lev-
els in a ternary alloy, such as iron in In,_,Ga,As,
broadening mechanisms have to be also considered for
the capture cross sections. The recognition that both en-
ergy position and carrier capture coefficients are distri-
buted because of the compositional fluctuations of the al-
loy semiconductor is of fundamental relevance for deep-
level investigations in alloys. Moreover, in the interpre-
tation of DLTS experiments charge-carrier emission pro-
cesses to the conduction band as well as to the valence
band must be taken into account. The latter is a direct
consequence of the recombination center nature of the
level, which is definitely concluded from our experimen-
tal results. Thus the former interpretation of the Fe?™-
Fe’" level as an electron trap must be revised. Based on
our DLTS measurements we will completely determine
all electrical parameters of Fe?*-Fe™, i.e., the distribu-
tion functions for the energy position as well as for the
capture cross sections, using a sophisticated model which
describes the influence of compositional fluctuations on
these parameters. The model is suitable not only for the
present case but holds generally for all transition-metal-
related deep levels in alloy semiconductors. Finally, we
will discuss the validity of the internal reference rule'>!*
for the materials GaAs-In,_, Ga, As-InP, having neither
a common anion nor a common cation, based on two
transition-metal levels [the Fe’*-Fe3" investigated here
together with the recently reported Ti**-Ti** (Ref. 15)].
The internal reference rule predicts a constant energy po-
sition of the transition metals (TM’s) across the hetero-
junctions with respect to an internal reference level, being
the same in all isovalent semiconductors. Thus it allows
the precise determination of band discontinuities once the
energy positions of the TM’s in the various materials are
known.
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The paper is organized as follows. The experimental
procedures are given in the Sec. II, followed by a descrip-
tion of the results in Sec. III. In Sec. IV a detailed model
of the impact of alloy broadening on the parameters of a
recombination center is presented, which goes far beyond
previous models. Here all relevant equations are given
which are needed for a simulation of capture and emis-
sion processes observed in DLTS. In Sec. V this model
will be used to fit the experimental data and distribution
functions for the energetic position, and the capture cross
sections o, and o, of the Fe?*-Fe'" level are derived.
The results are discussed in Sec. VI. The work is summa-
rized in Sec. VII.

II. CRYSTAL GROWTH
AND DIODE FABRICATION

All samples investigated here were grown by liquid-
phase epitaxy (LPE) using a conventional sliding boat
technique. Growth was carried out from an In solution
at a temperature of 635°C. Indium of 7-N purity, poly-
crystalline InAs, and GaAs with background carrier con-
centrations of about 2X10' ¢m ™3 and 3-N iron were
used as source materials. First, indium and iron were
backed at 720°C for about 100 h for purification from
volatile impurities and to ensure complete homogeneity
of the iron concentration in the indium. InAs and GaAs
were added, and the final solution was again backed at
680 °C for 40 h for further purification. After loading the
substrate the system was held at 645°C for 1 h to homo-
genize the solution. During this time the InP substrate
was covered by another one in order to minimize surface
degradation due to phosphorus evaporation.'® The sys-
tem was cooled down, and growth was started 3° below
the saturation temperature. After 10 min of isothermal
growth the samples were cooled rapidly to room temper-
ature. Both n- and p-type iron-doped layers as well as
reference samples without iron were grown with free-
carrier concentrations in the range 10'*-10'® cm 3. The
samples with free-carrier concentrations below 10"
cm 3, especially prepared for capture DLTS experi-
ments, are obtained using a technique described by
Amano.!” For p-type layers, zinc or cadmium doping
was used. The distribution coefficient of iron was deter-
mined by measuring its concentration in the epitaxial lay-
ers by secondary-ion-mass spectroscopy. A value of
3.24+0.6 X 10™* was obtained.

DLTS experiments were carried out on homojunctions
formed by the iron-doped layer and a highly doped layer
grown on top of it. Additionally, Schottky-diodes were
used for DLTS measurements on p-type In,_,Ga As.
For all samples the charge-carrier profiles were measured
by electrochemical C-V profiling using a Polaron system
for p /n-junction structures or a Hg probe for single lay-
ers. This was necessary to confirm the conductivity type
in the part of the space-charge region where carrier cap-
ture and emission during the DLTS measurements occur.
Only LPE-grown structures showing unambiguous car-
rier profiles were further processed to obtain diodes for
the DLTS measurements.

The Schottky diodes on p-type In, _, Ga, As were fabri-
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cated by evaporation of 10-nm titanium followed by 150-
nm gold. Just before loading the samples into the
evaporation chamber they were etched with
HBr:H;PO,:K,Cr,0, 1:1:2(0.5n) for 20 s in order to re-
move the surface part of the epilayer, and with HF for
another 20 s to keep the native oxide as thin as possible.
Dots with diameters of 200, . . ., 800 um were formed by
photolithography and lift-off technique. For the fabrica-
tion of ohmic contacts a Ni/Au+ Ge/Au sequence was
evaporated on n-type layers and Ni/Zn/Au on p-type lay-
ers. The contacts were alloyed at 420 °C for 2 min in a ni-
trogen atmosphere. Mesa diodes were etched again using
HBr:H;PO,:K,Cr,0; 1:1:2(0.5n) and a finishing etch
step with H,80,:H,0,:H,0 1:1:20 (30 sec) to obtain a
clean surface. Finally, the mesas were passivated apply-
ing a sulfur treatment similar to that reported by Iyler,
Bollig, and Lille.'® Since we produced mesa diodes with
diameters up to 800 um, we got fairly large capacitance
signals from the measurements on these devices.

DLTS measurements were performed in a helium-
cooled cryostat in the dark. The filling pulses were pro-
vided by a Hewlett-Packard HP8115A pulse generator,
and the transients were recorded with a Boonton 7200 ca-
pacitance meter and a microcomputer. Full isothermal
transients taken over a range of temperatures were
recorded and stored to generate DLTS boxcar spectra
after finishing the temperature scan.

III. EXPERIMENTAL RESULTS

DLTS spectra of the iron acceptor level measured on
an n and p-type In, _,Ga, As:Fe layers are shown in Fig.
1. For both kinds of materials the respective peaks were
not detected in reference samples, where no iron was add-
ed to the growth solution. The DLTS peaks are consider-
ably broadened, which is expected from local fluctuations
in the chemical composition of the In,_,Ga,As layers.
The thermal carrier emission characteristics obtained
from the Fe-doped layers are depicted in Fig. 2. Our re-
sults agree with earlier ones obtained by Guillot et al.'!
from measurements on n-type In;_, Ga,As:Fe. Their
two uttermost points are reproduced for comparison.
Furthermore, within experimental error the thermal sig-
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FIG. 1. Electron and hole emission from the Fe?”-Fe* ™ level
inIn,_,Ga,As.



49 Fe?*-Fe’* LEVEL AS A RECOMBINATION CENTERIN . ..

105 r v r .
a0
Fe2t — Fe3* *
m
104 | -
~N k.
Y /
9] &'
9 103 | & _
()
o o
~ a
= 102 L f s in p-InGaAs:Fe -
e in n-InGaAs:Fe
a? X Guillot et alll
101 N 1 - 1 _—
3 4 S 6
1000/T C 1/K 1]

FIG. 2. Arrhenius plots of the thermal emission from the Fe
level in n- and p-type In,_,Ga, As.

nature measured on p-type layers coincides with the sig-
nature obtained from n-type layers. Thus the iron accep-
tor level is a majority-carrier-emitting trap in n- as well
as p-type samples. As a consequence, in the interpreta-
tion of DLTS data both emission rates (e, for electrons
and € for holes) have to be taken into account, and the
slope of the measured emission signature does not yield
directly the energetic position of the iron acceptor level
within the band gap. 1°

The Arrhenius plots shown in Fig. 2 belong to signals
obtained after filling pulses long enough to ensure com-
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FIG. 3. DLTS signal from the Fe trap after filling pulses of
different widths in n-type material. Solid lines show numerical
fits (see text). The free-carrier concentration is determined to be
6X 10" cm™3.
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FIG. 4. Filling pulse width dependence of the Fe peak in p-
In,_,Ga,As. Experimental points and fits are shown.
(N4—Npis 1.5X10" cm ™).

plete recharging of the traps. This is an important fact,
since the peak temperature of the Fe signal in n-type
In,_,Ga,As increases with the filling pulse width as long
as the recharging process has not finished (Fig. 3). A
similar effect is also observed in p-type In;_,Ga, As as
shown in Fig. 4. The low-temperature part of the peak
appears first, while the traps contributing to the high-
temperature side need a much longer time to become
refilled. This observation leads us to conclude that the
capture cross sections are distributed due to alloy
broadening. The second component contributing to the
low-temperature part in the spectrum of n-
In,_,Ga,As:Fe in Fig. 3 is of unknown nature. Since it
was not detected in any other sample we deduce that it is
not correlated with iron. By performing a differential
analysis (subtracting the signal obtained with a pulse as
short as 300 ns from all other peaks) we verified that the
observed shift of the main peak with pulse width still
remains, and is not a result of the overlap of the two com-
ponents.

In Fig. 5 four DLTS spectra for different emission time
constants are shown. The observed increase of peak
height with increasing temperature (decreasing time con-
stant) is precisely what we expect for alloy-broadened
DLTS peaks. 12
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FIG. 5. Fe DLTS peak for different emission time constants
in n-type In,_,Ga,As. The solid lines are the results of the fit
as described in the text. (Np —N 4 is 6X 10" cm™3).
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Finally we have investigated the electrical field depen-
dence of the hole emission rate. There is no measurable
influence of the electric field on the emission rate up to a
field strength of 1.4X10° V/cm, in contrast to what we
observed for Ti in InP. "> Hence field effects are neglected
throughout the following considerations.

IV. RECOMBINATION CENTER MODEL FOR THE
Fe?*-Fe** IN THE RANDOM ALLOY In,_,Ga,As

In DLTS literature, mostly models of ideal electron or
hole traps are used for interpreting the experimental re-
sults. Since this turns out to be an oversimplification for
the iron level under consideration, we will first reexamine
the properties of a recombination center.

The rate equation for the occupation probability f; of
the trap can be obtained from simple detailed balance
statistics to be

afr

7—(cnn +e,1—=fr)—(c,pte,)fr, 1)
where e, and e, are the hole and electron emission proba-
bilities, ¢, and c, the hole and electron capture
coefficients, and p and n the free-carrier concentrations,
respectively. Two conclusions can immediately be drawn
from Eq. (1). First, the equilibrium occupation probabili-
ty for the trap is

e, tc,n

fr ()

e,te,*c,ntc,p
and second, the time constant 7 for the complete relaxa-
tion of trapped carriers after a small disturbance is

T7=(e, +e,tc,n -|~Cl,p)71 . (3)

For the space-charge region (excepted for the zone edge
where the Debye tail of free carriers has to be con-
sidered'”) p and n are neglectable, and the terms describ-
ing the capture processes can thus be disregarded for a
first approximation. Moreover for ideal electron or hole
traps one can neglect, e.g., for an electron trap, the hole
emission. Equation 2 then simply yields the numbers 1
and O for the trap occupation under pulse and reverse
bias (space-charge region) steady-state conditions in
DLTS experiments, respectively.?’ The trap occupation
probability then relates directly to the quasi-Fermi-level
for electrons F,. The trap is filled with electrons if it lies
energetically below F,, otherwise it is empty. !

The situation changes if both emission probabilities e,
and e, are of the same order of magnitude. Then the oc-
cupation probability of the trap is not simply connected
to one of the quasi-Fermi-levels, since both types of
charge carriers participate in the emission and capture
processes of the trap. The trap will be only partly re-
charged during reverse bias, reaching an equilibrium oc-
cupation fr=e,/(e,+e,) for neglectable free-carrier
concentrations [see Eq. (2)]. Thus f; is now a number
between 0 and 1. Hence one may observe such a recom-
bination center in both n- and p-type materials as a
majority-carrier-emitting trap. And, vice versa, a level
which is observed in n- and p-type materials as a
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majority-carrier-emitting trap must be a recombination
center. This is indeed the case for the Fe’'-Fe’" in
In,_,Ga,As, as shown in Figs. 1 and 2. As a second
consequence, the time constant 7 observed for the emis-
sion in both materials is now the inverse of the sum of e,
and e,. Therefore the plot of 7T? versus 1/T is no longer
a simple logarithmic function of the activation energy of

the trap with respect to one band edge. One obtains

= e, te,

Er—Eg
kT

Er

-1
+ec, ¥y Nyexp T

=c,YN,. exp

’

(4)
where E is the energetic position of the trap measured
from the valence-band edge, and y denotes the ratio of
the degeneracy of the empty trap to that of the filled one.
Nc and Nj are the conduction- and valence-band
effective densities of states, respectively. Different sets of
parameters Er, ¢, and c, will now satisfy the same Ar-
rhenius plot, and, hence, a calculation of the correct ac-
tivation energy from such a plot alone is not possible.
Since the two exponential terms in Eq. (4) are at least
weighted by the capture cross sections, it is necessary to
determine the carrier capture cross sections independent-
ly by measuring the DLTS signal after filling pulses of
different widths.?°

Performing these experiments, another difficulty ap-
pears in the ternary alloy material In,_,Ga,As. As is
well known, the peaks in DLTS spectra are usually con-
siderable broadened due to the spatially fluctuating com-
position of alloy semiconductors.?* Depending on the oc-
cupation of the cation sites next to the impurity by In or
Ga, different impurity ions may have different trap ener-
gies and capture cross sections. While to a first approxi-
mation the inclusion of a Gaussian broadening of the ac-
tivation energy may be thought to be sufficient, consider-
ing the filling pulse width dependence of the signals
demonstrates that this picture is too simple. In general,
the capture cross sections o, and o, also have to be con-
sidered as distributed over a distinct range.?® Only this
extension of the model can explain the peak shift to
higher temperatures with increasing filling pulse width,
shown in Figs. 3 and 4. The traps with larger cross sec-
tions within the distribution contribute mainly to the
low-temperature side of the DLTS peak, according to Eq.
(4). Since these traps are recharged faster during the
filling pulse, the low-temperature part of the peak will ap-
pear first. The traps having smaller cross sections, con-
tributing mainly to the high-temperature part of the
peak, need more time to be recharged, and hence this
peak side appears last.

For a recombination center, we have at least three
parameters—Er, o, and 0, — which obey a distribution
function due to the compositional fluctuation of the ter-
nary alloy In,_,Ga,As (or analogous other alloys).
Therefore, we have to consider the distribution of the cat-
ion, and must derive the resulting distributions for the
three parameters needed here. Such a calculation was
done for photoluminescence experiments by Schubert
et al.? They pointed out that the standard deviation o
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of the alloy composition x within a distinct volume V,
is given by the binomial distribution
172

rans

x(1—x)

K V!rans

x

(5

Here K stands for the cation density, while V., . is the
characteristic volume of the transition under considera-
tion (e.g., for excitonic PL lines the exciton volume). In
order to obtain the corresponding standard deviation for
a quantity Y one has to multiply o, with the derivative
dY /dx (e.g., for the excitonic transition dE; /dx). If the
volume V... is large enough, one may approximate the
binomial by a Gaussian distribution. Unfortunately this
ansatz cannot be used in our case, since the characteristic
volume V. is not known. From, e.g., the capture cross
sections themselves, one cannot directly calculate this
volume since the corresponding radii r, are normally
smaller than half a lattice constant (for a trap with
0,=1X1071 cm?, r,=~1.8 A), and hence the volume,
thus obtained, does not contain any cation at all. A
closer look reveals that, e.g., in order to modify the ac-
tivation energy, we need to know how many shells of cat-
ions influence the potential of the trap. Moreover, this
potential is a function of the cation distance to the trap
and of the local symmetry, i.e., especially of the arrange-
ment of the different cations. From this point of view Eq.
(5) is too simple.

We will use a different model to describe results, which
will be explained with the help of Fig. 6, where the x
dependence of the relevant energies is shown. The
valence-band position is defined by three points: the posi-
tion of the InAs and In,_,Ga,As valence bands with
respect to GaAs. The resulting bowing is approximated
by a parabolic curve. Since the available data for the
InAs/GaAs band offset scatter appreciably, one must
treat them as adjustable parameters within a certain
range. Values ranging from —0.1 to +0.35 eV are re-
ported.'>?"2  For the valence-band offset between
In,_,Ga,As and GaAs we took the value of 0.17 eV de-
rived from the Ti**-Ti*t level position in these materi-
als.!> The conduction-band energy is determined using
the relation for the band gap given by Goetz et al.,? and
the temperature dependence after Louati et al.* It is as-
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FIG. 6. Band-edge variation and distribution functions used
in the calculations (see text).
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sumed that the relative band offsets do not change with
temperature.

The energy position E of the trap within the forbid-
den gap is measured from the valence-band edge. The
cross sections o, and o, and, hence, the capture
coefficients ¢, and ¢, of the trap, are given by*!

172
exp

3kT

eh

th — o

on,op
n,p V",P U"yP

kT

cn,p =0 (6)

where o’ and o, are the capture cross sections at
infinite temperature with their respective activation ener-
gies E,, and E,,. The degeneracy ratio y in Eq. (4) is
calculated in agreement with the level splitting of the free
Fe?™ ion in the tetraedric symmetry of the crystal field. 3

All these values are first calculated for In,_,Ga, As
lattice matched to InP. The alloy broadening is now al-
lowed for by Gaussian distributions for E;, E;—Er, 0,
and o,. Since the wave functions forming the valence
and conduction bands are of different types, different
characteristic volumes for the interactions of the trap
with the two bands may eventually result. We therefore
assume to a first approximation two couplet Gaussian
distributions of possibly different widths (standard devia-
tions are S,, and S,,), one in each case for interactions
with the valence (E; and o,) and conduction
(Eg—Eg,0,) bands, respectively. The energetic position
of the iron level does not depend on x, according to the
predictions of the internal reference rule.!*> The variation
of the trap energy is thus directly obtained from the vari-
ation of the band-edge positions with x. The capture
cross sections o, and o, are assumed to vary exponen-
tially with x. We approximate them by o,,
=expla, px2+b,,’ »X* t¢, ), matching the values in InAs,
In, _,Ga,As, and GaAs, which are taken as fit parame-
ters. Their activation energies are kept constant for the
sake of simplicity. For each x value within the two
Gaussian distributions, Egs. (2)-(4) can be used. In, e.g.,
an n-type semiconductor, for the occupation probability
S within the emission region when the bias voltage is ap-
plied (see the Appendix), one obtains

p

e,(x)
S Y e

X(1—={1—exp[—0,(x)ngvyt, 1}
Xexp{l—t[e,(x)+e,(x)]}). (D

There ¢, is the filling pulse width. The contribution of
the traps at each x to the capacitance change is thus com-
puted®®3® and weighted by the Gaussian distributions.
The Debye tail is also taken into account, as well as
effects resulting from incomplete discharging of traps at
low temperatures due to finite measuring times (see the
Appendix). Summing up over all x values, one obtains
the signal produced by the whole trap population. Per-
forming this procedure at several temperatures, we can
simulate the DLTS boxcar spectrum, containing all infor-
mation available from the measurement.

The thermalization of free carriers into the potential
valleys formed by the fluctuating band edges is also in-
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cluded in the model. This relaxation is observed, e.g., in
photoluminescence experiments.>*3* Since the relaxation
time of the free carriers is much shorter than the capture
times, one can account for this effect simply by a
Boltzmann distribution of the carriers in potentials
AE( y(x). Since free carriers average over a distinct
volume, this energy is damped by a factor a. We finally
obtain, e.g., for the electron concentration,

aAE_ (x)
kT

n(x)=ngexp (8)

This effect influences the capture processes, since electron
density at Fe traps having an In-rich surrounding is
larger than at Fe traps with a Ga-rich surrounding.

V. NUMERICAL ANALYSIS

Although the number of parameters required to de-
scribe the experiments is quite large, our model is still ap-
proximate, since second-order effects (such as, e.g., a
different temperature dependence for o, and o, in
In,_,Ga, As, InAs, and GaAs) are neglected to keep the
number of parameters as small as possible. Moreover,
some assumptions have also only approximate character.
For example, the temperature dependence of the trap en-
ergy was never investigated to the best of our knowledge.

Using the same broadening parameters for electron
and hole processes (S,, =S,,), a simulation of all experi-
mental results in n- and p-type layers is not possible. This
can be understood in terms of the very different slopes of
the conduction- and valence-band variations with x.
Since the conduction band varies much faster with x than
the valence band, the standard deviation necessary to ex-
plain the width of the observed peaks is much smaller in
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n-type layers than in p-type ones. Note that this
difference comes not from the time emission constant 7
[see Eq. (3)], since 7 is equal for every trap at a distinct x
value in both materials. The real reason for the different
behavior is the weighting of the variation in occupation
probabilities by the emission probabilities themselves [see
Egs. (A3) and (A4)]. Second, the thermalization of free
carriers into the potential valleys of the bands was found
to be essential for the time dynamic of the signal.
Without the consideration of this effect, it is not possible
to explain the fast filling of the traps producing the low-
energy side of the DLTS peak. This is a little bit surpris-
ing, since these levels are already refilled faster due to
their larger capture cross sections than are other ones.
But it is only in connection with the enhancement of their
capture rate by the thermalization mentioned above that
the observed fast recharging of these traps is sufficiently
accounted for in the simulation.

The broadening parameters which we obtain from ex-
periment are in qualitative agreement with the standard
deviation of a binomial distribution accounting for the 12
next cationic neighbors of the iron atom in the crystal,
yielding o, =0.144. This fact shows that indeed to a first
approximation only these 12 next neighbors have to be
taken into account.

The parameter set of our best fit to the data is listed in
Table I. With this set a satisfactory fit could be obtained,
as is shown in Figs. 3-5. Figure 7 and 8 show the result-
ing distributions of the relevant parameters E;, E; —E7,
o,,ando,.

V1. DISCUSSION

The mean value of the energy distance of 0.39+0.02
eV of the Fe level from the valence band describes well

TABLE 1. Best-fit parameters for modeling the thermal emission of the Fe’*-Fe’™ level in

In,_,Ga,As.

Parameter

Value

Trap energy Er—Ey at 300 K

Capture cross section o, for electrons at 250 K:

in In;_,Ga,As
GaAs
InAs

Activation energy E,, of o,:

Capture cross section o, for holes at 250 K:
in In,_,Ga,As
GaAs
InAs

Activation energy E,, of o,:
Standard deviation of the Gaussian distributions
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FIG. 7. Distributions of the energy distances between the Fe
level and the band edges.

the free-carrier concentration as a function of Fe doping
in Iny 53Gag 4;As (see Fig. 9). The value coincides with
the results of temperature-dependent Hall measure-
ments.” The explanation given by Guillot et al.!! for
their observation of a resonance peak at about 0.34 eV in
the photoionization cross-section curve is also in agree-
ment with our result. According to the crystal-field split-
ting of 0.35 eV between the °E ground and the °T, excit-
ed states, the carriers, optically excited to the 5T2 level,
must at least overcome the 30-meV rest to enter the con-
duction band (at the temperature of the photoionization
measurements—82 K —we calculate for the Fe-ground
state to be at a distance of 0.38 eV from the conduction
band according to the assumption of proportionality be-
tween level position and band gap variation with temper-
ature). Thermal as well as a second optical excitation
may be responsible for this step. It is clear that the only
level investigated in DLTS experiments is the °E ground
level of the Fe?* charge state, since, e.g., in an n-type lay-
er the iron is just in this state after the filling pulse was
applied. A signal caused by thermal excitation of an elec-
tron to the 3T, level eventually occurring under bias will
always be covered by the strong broadening of the ob-
served DLTS peaks. Finally Fig. 10 shows a comparison
of the Fe?T-Fe** level in GaAs, InP and In,_,Ga,As.
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Here we used the band discontinuities derived from the
Ti**-Ti** level positions within these materials.!> For
the Fe level in GaAs and InP, we took the data from
Klevermann et al.’® and Juhl et al.,’” respectively. Ob-
viously the Fe?*-Fe®* energies agree with the predictions
of the internal reference rule'® within +£20 meV. This ob-
servation substantiates that the internal reference rule is
a powerful tool for the determination of heterojunction
band discontinuities.

The InAs/GaAs valence-band offset giving the best fit
to our data (see Fig. 6) is in agreement with predictions
by Langer et al.'> and Kroemer,?’ and disagrees with po-
sitions calculated in Refs. 25 and 26. A detailed discus-
sion of this result is enclosed in Ref. 13. Following the
internal reference rule we can now predict the energy of
the Fe?*-Fe** level in InAs to be at about 0.09 eV below
the conduction band. This seems to contradict the re-
sults of Huang and Wessels,*® who investigated the iron
level in InAs, P, _, for x values up to 0.5. They predicted
the iron level to be just in resonance with the conduction
band in InAs. However, the deduction of the energy po-
sition of the Fe level from the temperature dependence of
the resistivity as in Ref. 38 is in our opinion not a proper
method, since the mobility is also a function of the tem-
perature. Additionally, the bowing of the InAs P,_,
band gap is not included in the calculation presented
there (the bowing parameter in the literature varies be-
tween 0.16 and 0.32 eV).

The electron capture cross section in GaAs matches
the value derived by Klevermann et al.® and Lang and
Logan.>® In the ternary In,_,Ga, As it varies inversely
with the distance of the Fe level from the conduction
band edge (see Table I and Fig. 6). This tendency agrees
qualitatively with the model of multiphonon emis-
sion.?"3! The observed temperature dependence of the
capture cross section is also expected from such an emis-
sion model.?' The matrix dependence of the hole capture
cross section is completely different. While for GaAs it
again matches the previously found value,>’ it drops with
increasing indium content (decreasing E;). In fact, we
do not observe a DLTS signal in n-type In, _,Ga, As lay-
ers if we assume a higher value of the hole capture cross
section than in GaAs. In order to explain the measured

5
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qc’ 3F > 3 FIG. 8. Capture cross-section distributions.
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{3 %.p cm the same distributions normalized to the cap-
.8 1} ture cross sections themselves.
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data, we definitely need a lower value, and an even lower
one on the In-rich side. This tendency as well as the
small decreases of o, with increasing temperature seems
to contradict a multiphonon emission. Therefore the
dominant capture mechanism for holes may be of a
different type.

VII. CONCLUSIONS

We have investigated in detail the thermal emission of
carriers from the Fe?*-Fe** level in In;_,Ga,As using
DLTS. The iron acceptor level is found to act as a
recombination center, having comparable emission prob-
abilities for electrons and holes. The former interpreta-
tion as an electron trap must therefore be revised. The
observation of the level in n- and p-type materials as a
majority carrier-emitting trap is definite proof of this
characteristic. This behavior is in agreement with iron
acting as a hole trap in GaAs, while in InAs it is predict-
ed to be near or in resonance to the conduction-band
edge and therefore should act as an electron trap.*® Thus
the recombination center characteristics of the iron level
observed in In,_,Ga,As represents the transition be-
tween two extreme trap properties in the two binaries.

The emission characteristic is simulated with the help
of a sophisticated model accounting for the recombina-

1
10.50 eV
| i E
: 0.22 eV, c
I i
/ 0.60 eV
0.54 eV 0.39 eV\
I 1
10.17 eV i°'37 eV
L Ev
GaAs |n0_53Gao'47As InP
Eg= 1.42 eV Eg= 0.75 eV Eg= 1.34 eV

FIG. 10. Fe?*-Fe’*-level position in GaAs, In,_,Ga,As,
and InP at 300 K. The band offsets are taken from Ref. 15.

tion center nature of the level, as well as for alloy
broadening effects. Interaction of the level with free car-
riers is found to be strongly localized. This results in a
considerable broadening of the DLTS peaks, nonex-
ponential carrier capture and emission, temperature shift
of the peak with the filling pulse width, and increasing
peak height with the emission time constant. The ener-
getic position and capture cross sections are distributed
over a considerable range instead of being well-defined
numbers caused by a Gaussian distribution of the compo-
sition fluctuations. Their distribution functions are ex-
plicitly given. The model developed by us is of general
relevance, since it is in principle suitable for any
transition-metal-related deep level in semiconductor al-
loys.

The mean value of the energy position of the Fe?™-
Fe’" level is determined to be 0.39+0.02 eV above the
valence-band edge at room temperature. Following the
internal reference rule one obtains from this value the
same band offsets for InP and GaAs as from the Ti**-
Ti** level.’ Using this rule the Fe level in InAs is ex-
pected to lie about 0.09 eV below the conduction-band
edge.

APPENDIX

Under bias the equilibrium occupation f, within the
main emission region (except the edge of the space-charge
region, where Debye-tail effects must be taken into ac-
count) is

e

fo= L

e, te,

(A1)

This holds for n- and p-type backgrounds. After the bias
voltage is applied for a long enough time 7, to allow all
traps to reach equilibrium, for the occupation probability
Sf% at the end of the filling pulse of width ¢,, one obtains,
e.g., in an n-type layer,

fE=1+(fo—1Dexp(—c,ngt,)

e
=1__

exp(— 0o ,ngVt,) - (A2)

e, te,

Reemission processes are neglected here. Since the trap
under consideration is deep and trap concentrations are
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small compared to those of the shallow dopants, the equi-
librium occupation in the bulk is assumed to be 1.
Hence, for the recharging after bias is applied again, we
obtain

Fh(t)=Fo+(fB—fo)expl —t (e, +e,)]

en
=1—
e, te,

{1=[1—exp(—0,ngvyt,)]
X exp[—t(e, +e,)]} . (A3)

For a p-type background the occupation probability for
holes is

e
b()=1— P
S1p(2) e te,

{1—[1— exp(—0,poVnt,)]

X exp[—t(e,+e,)]} . (A4)

Note that the time dependence of the emission is the
same for both background types, while the prefactors are
different.

Considering that at low temperatures the traps cannot
reach the equilibrium f, during the bias until the next
pulse is applied, one realizes that the trap density may be
overestimated by computing a boxcar spectrum. If the
filling pulse is long enough to refill all traps, this effect
vanishes. Otherwise, for incomplete refilling, e.g., in
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filling pulse-width-dependent measurements, an equilibri-
um develops between refilled and discharged traps during
pulse #, and bias 7, respectively. Setting
V¥, = exp(—t,/7,)=exp[ —t,c,ng] (A5a)
and
Y, = exp(—1t,/7,)= exp[ —t,(e, te,)], (A5b)

where 7, and 7, are capture and emission time constants,

respectively, for the occupation in an n-type layer at the
end of the pulse one obtains

fp,tp=( l_fb,rb )1 —\Ilp )+fb,tb
and, at the end of the bias,
S, z(fp,tp —fol¥t+fo -

Introducing Eq. (A7) into (A6) at the end of the pulse we
obtain

(A6)

(A7)

— (l_q’p)"i’fo(l_wb)‘l’p
Py 1-v,v,

(A8)

This relation has to be used instead of Eq. (A2) under the
circumstances mentioned. For a p-type layer a similar re-
lation holds if one considers the hole occupation proba-
bility and uses f,o=1— f, instead of f,.
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