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Capacitance transient study of the deep Fe acceptor in indium phosphide

A. Dadgar, R. Engelhardt, M. Kuttler, and D. Bimberg
Institut für Festkörperphysik, Technische Universita¨t Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany

~Received 18 March 1997!

We present a detailed study of the electrical properties of the deep Fe21/31 acceptor in InP by deep-level
transient spectroscopy. The Fe acceptor transition has been observed in electron and hole emission inn- and
p-type InP. A study of the electron emission signature reveals an electric-field enhancement of the emission
rate, which is best explained by a polarization potential model. At 300 K electron and hole capture cross
sections of 1.5310217 and 4310218 cm2 were determined, respectively, indicating the Fe acceptor being a
recombination center. The capture cross sections were found to be temperature dependent in agreement with a
multiphonon emission process with activation energies of 138613 meV for electron and 161615 meV for hole
capture. Measurements of the Fe31/21 electron capture cross section at electric-field strengths above
43104V/cm reveal an approximately 70 times higher value of 1310215 cm2 than without an electric field due
to an electric-field-induced lowering of the capture barrier. This increase of the capture cross section is most
likely due to a decreased capture barrier for electrons in theL valleys. Since the capture barrier is close to zero
when an electric field is applied, the apparent activation energy ofEC20.62 eV, determined by deep-level
transient spectroscopy from the carrier emission in an electric field, has not to be corrected by the zero-field
capture barrier energy.@S0163-1829~97!03139-1#
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I. INTRODUCTION

Fe is still the commonly used dopant to fabricate se
insulating~si! InP, a key material for high-speed electron
and optoelectronic devices. Due to its importance in dev
fabrication and the availability of Fe-doped InP the prop
ties of Fe in InP were widely investigated in the last tw
decades.1 The energetic position of this transition met
~TM! has been established to be close to midgap in InP
EA(1.3 K)5EV10.79 eV.2 A wide understanding of the op
tical spectra has been obtained1 but some essential electrica
properties, necessary for modeling the transport of InP
are not understood. Deep-level transient spectrosc
~DLTS! measurements were made by several groups3–8

mostly focusing on the Fe21/31 electron emission signal
which is easily observed. Slightly differing activation ene
gies and emission signatures are reported. In addition, B
inski, Korona, and Hennel studied the pressure depend
of the emission rates of the Fe center inp- andn-type InP,
and observed that the hole emission is strongly pressure
pendent and that the electron-capture cross section mu
larger than the hole-capture cross section.6 Based on photo-
luminescence experiments Klein, Furneaux, and Henry c
cluded that the low-temperature hole-capture cross sectio
smaller than the electron-capture cross section.9 Look deter-
mined the electron-capture cross section by photocondu
ity measurements to 1310215 cm2.10 Turki, Piccoli, and
Viallet postulated from theI -V characteristics of si InP:Fe
samples that the electron-capture cross section and emi
rate is dependent on the electric-field strength.11

In this work we present a detailed study of the Fe accep
in InP by DLTS. We have directly measured the electro
and hole-capture cross sections and the electric-field de
dence of the electron-capture cross section. Further, the
tron emission signature was studied in detail and reveale
field enhancement of the emission rate.
560163-1829/97/56~16!/10241~8!/$10.00
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II. EXPERIMENT

For DLTS measurements we used Fe-doped InP sam
grown by metal-organic chemical-vapor depositi
~MOCVD! and liquid-phase epitaxy~LPE!. All MOCVD
samples were p1-InP-substrate/p-InP:Zn/n1-InP:Si and
n1-InP-substrate/n-InP/p1-InP:Zn or n1-InP-substrate/n-
InP/Si/p1-InP:Zn diodes with intentional or unintentional F
doping of the lowp- or n-type doped InP side. The LPE
sample used was ap1-InP-substrate/p-InP:Zn/n1-InP:Te
sample with an unintentional Fe doping due to a contami
tion of the source materials. On some samples second
ion-mass-spectroscopy measurements~SIMS! were made
with an ATOMICA 6500 using an oxygen primary beam.

For DLTS measurements Ohmic contacts were eva
rated on the top and bottom of the layers and mesa dio
were fabricated using photolithography and wet chemi
etching. To enable optical generation of electron-hole pa
in the highly doped top layer the Ohmic top contact was o
covering a small part of the mesa diode~;6%!.

DLTS measurements were made with a comput
controlled setup using a Boonton 7200 capacitance bri
and a HP 8115A pulse generator. For optical excitation
charge carriers we used commercially available Ga
GaxIn12xN,and GaN light-emitting diodes operating aroun
940, 560, and 450 nm, respectively. Full transients were
corded and analyzed by computer simulating a boxcar w
dow or by directly evaluating the capacitance change in
isothermal transient data.

III. RESULTS

A. Electron emission inn-type InP:Fe

DLTS spectra of Fe-dopedn-type InP samples reveal a
electron emission signal around 300 K~Fig. 1!. This is the
well-known DLTS signal correlated to the Fe21/31transition
10 241 © 1997 The American Physical Society
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10 242 56A. DADGAR, R. ENGELHARDT, M. KUTTLER, AND D. BIMBERG
having an activation energy of (EV20.6260.01) eV. The
electron-capture cross sections` as obtained from the
Arrhenius plot for 1/T50 yields 1.3310214 cm2.

Measurements of the field dependence of the emis
rate were made on two differently dopedn-type InP:Fe
samples. In Fig. 2 double-correlation deep-level trans
spectroscopy12 ~DDLTS! spectra are shown for differen
field strengths ranging from 1.63105 to 2.63105 V/cm. In
higher n-type doped samples suited for higher electric fie
strengths a negative DLTS signal can be observed at
low-temperature side. This is caused by the known excha
of Fe and Zn at Fe/Zn interfaces13 causing a small electron
emission signal from the high-fieldp1-type InP:Zn layer
which is nominally undoped with Fe. To avoid the exchan
of Fe and Zn at the metallurgical junction the sample u
for field strengths up to 2.63105 V/cm was grown with a
75-nm n-type InP:Si spacer layer between then-type
InP:Si1Fe and thep1-type InP:Zn layers.

The emission rate for the Fe21/31 emission inn-type InP
at 300 K increases from 11 s21 at 8.33104 V/cm to 32 s21 at
2.23105 V/cm ~Fig. 3!. The data can be best explained by
polarization potential of the formV(r )52A/r 4 first de-
scribed by Lax14 using A5q2a/8p«0« r

2 ~Ref. 15! and a
value of A51.3310229 eV cm4. A is here about one orde

FIG. 1. DLTS spectra ofn-type InP:Fe for increasing filling
pulse lengths~from bottom to top: 100 ns, 200 ns, 400 ns, 600
800 ns, 2ms, 4ms, 10ms, and 100ms!. The inset shows the Arrhen
ius plot and a comparison with literature values for Fe21/31 @L,
~this work!, d ~Ref. 3!, m ~Ref. 4!, j ~Ref. 5!#.

FIG. 2. DDLTS spectra of the Fe21/31 emission with field
strengths ranging from 1.63105 to 2.63105 V/cm. The inset shows
the Arrhenius plots for different field strengths.
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of magnitude lower than the value found by Tasch and S
for the Au center in Si.16 A fit with a phonon-assisted tun
neling model,17 which is a widely used model to explai
emission enhancement from a neutral impurity, does
yield such a good correspondence with the experime
data, especially at higher field strengths~dashed line in Fig.
3!.18 We assign the small deviation between experimen
high-field data and the polarization potential to a small ne
tive electron emission signal from the topp1-type InP:Zn
layer as described above. Obviously the 75-nm ‘‘spacing’
not sufficient to prevent completely any Fe to diffuse fro
the n-type InP:Fe to thep1-type InP:Zn layer. However, a
negative signal is not actually observed as a negative p
but it probably overlaps with the positive DLTS peak a
does shift the DLTS peak maximum to higher temperatur
or rather seems to lower the emission rate at a given t
perature.

The electron capture cross sections(T)was measured by
using short filling pulses~.100 ns! in a sample with a low
n-type doping level (ND,1015 cm23). The capture cross
section was determined by varying the DLTS filling pul
length and after a Debye tail correction of the data as
scribed in Ref. 19 using

s~T!5
1

tCNv thermal

, ~1!

where tc is the capture time constant,N the bulk carrier
concentration, andv thermal the thermal velocity.s varies
from 1.331017 to 3.431017 cm2 in the temperature rang
275–368 K~Fig. 4!. The observed capture behavior agre
well with a multiphonon emission process20 with an activa-
tion energy of~138615! meV and as` of 1.8310215 cm2

~Fig. 4!.

,

FIG. 3. Electron emission rates vs electric-field strength. A
with a polarization potential~full line! and a phonon-assisted tun
neling model~dashed line! is shown. Fit values are a polarizabilit
a of 2.8310218 cm3 for the polarization potential and, for the pho
non assisted tunneling model~Ref. 17!, EA5620 meV, \v548
meV, Huang-Rhys parameterS52.4 and fit parameterg51.2 ~Ref.
18!.
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56 10 243CAPACITANCE TRANSIENT STUDY OF THE DEEP Fe . . .
To determine the electron-capture cross section in an e
tric field we used a method first described by Williams21 and
in more detail by Prinz and co-workers.22,23 In the samples
used in our work electron-hole pairs are generated in
highly p-type doped top layer using short light pulses. W
a partially metallizedp1-type InP top layer of 800–1000 nm
thickness and a sufficiently short light wavelength, on
electron-hole pairs several hundred nm from thep1-n junc-
tion are generated. Some electrons and holes diffuse to
space-charge region and, since there is a barrier for ho
only electrons can be expected to drift through the spa
charge region. Subsequently, these electrons can be cap
by deep levels. The carrier densityNDF in the space-charge
region is

NDF5
I

VdriftAq
, ~2!

with q the elementary charge,A the area of the diode,I the
current, andvdrift the drift velocity. Inserted in formula~1!,
only the measured currentI , the area of the diodeA, and the
capture time constanttC are needed to determine the captu
cross sections(T),

s~T!5
Aq

tcI
. ~3!

In contrast to the assumption of Prinz and Rechkuno23

v thermal in Eq. ~1! was replaced byvdrift . At large electric
fields as here withF.43104 V/cm vdrift can be expected to
be larger thanv thermal, sincev thermalcannot be determined b
usingv5A3kT/m* with the effective electron mass at theG
point, as done by Prinz and Rechkunov.23 For electrons at
such high electric fieldsm* is much larger because the ele
trons get scattered to theL or X valleys. Despite the lowe
mobility of electrons in theL valleys, vdrift for such hot
electrons is—already per definition—always larger th
v thermaland a second experiment to measure the drift velo
can be avoided.

The electric-field dependence of the capture cross sec
can be thus easily investigated, since the carriers are cap
in the space-charge region of the diode. It is, further, poss
to measure the capture cross section even if it is of the o

FIG. 4. Electron-capture cross section of the Fe31/21 transition
without ~j! and with ~l! an electric field (F.43104 V/cm! and
of the hole-capture cross section without an electric field~s!.
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of 10213 cm2 or, in samples with a highn- or p-type back-
ground doping level, when the minimum filling pulse leng
of typically 50–100 ns as in conventional DLTS is alrea
too large. Here the carrier concentration is a function of
light intensity, or rather the current.

To exclude errors caused, for example, by the genera
of electron-hole pairs in the space-charge region, which
occur when using light with photon energy only slight
above the band gap, we mostly used a green LED wit
wavelength around 560 nm. The light penetrates InP h
approximately 400 nm (1/e length!. More than 90% of the
light is absorbed in the 800–1000-nm-thickp1 layer well
before thep1/n junction and the current measured is dom
nated by the electron current. We further used a numbe
different light intensities, samples, and electric-fie
strengths and found no difference in our capture data. S
the incident light intensity from the LEDs used was re
tively low, the capture time constants were usually of t
order or larger than the repetitive emission time consta
We were correcting our capture data taking into account
emission from the traps during capture and, as far as ne
sary, the repetition frequency of the measurement. Due
these corrections the experiment is limited to data below
K, since a small error in the determination of the emiss
rate at higher temperatures yields a significant difference
the calculated capture rates.

The observed electron-capture cross sections were
proximately 70 times larger than in conventional DLTS me
surements where carrier capture occurs during the fill
pulse in a region without an electric field. The electro
capture cross section in the temperature range 240–300
approximately (160.2)310215 cm2 at field strengths above
43104 V/cm and shows no field dependence up to a fi
strength of 1.43105 V/cm ~Fig. 4!.

B. Hole and electron emission inp-type InP:Fe

For p-type Fe-doped samples DLTS spectra for differe
filling pulse lengths are shown in Fig. 5~a!. A small majority
hole emission signal is obtained for short filling pul
lengths, which shows overlap for longer filling pulse lengt
by a strongly increasing electron emission signal at a sligh
lower temperature. The DLTS spectrum of a sample w
different Fe doping in the lowp-type doped InP is shown in
Fig. 5~b!. The region 250 nm close to the metallurgical jun
tion was nominally undoped with Fe@Fig. 5~c!#. In the DLTS
spectra obtained from this sample a smaller negative DL
peak for longer filling pulse lengths can be observed@Fig.
5~b!#. So the negative electron emission signal has its ori
in a region close to the metallurgical junction. The remaini
negative signal in the second sample is due to the fact tha
diffuses strongly inp-type InP.13 Thus always some Fe dif
fuses to the nominally Fe-undoped region close to the m
allurgical junction resulting in the negative DLTS signa
The emission behavior observed in DLTS experiments
quite rare and it will be shown later that it is due to th
difference of the electron- and hole-capture cross section
the Fe21/31 transition and not to a signal from then1-type
InP layer. However, a determination of the hole-captu
cross section in a sample with such an emission behavio
not possible.
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10 244 56A. DADGAR, R. ENGELHARDT, M. KUTTLER, AND D. BIMBERG
In LPE grown Fe-doped samples the described nega
electron emission signal is not observable due to a non
form and much lower Fe doping in thep-type layer~Fig. 6!.
The hole emission signal around 300 K could be clea
identified to be caused by the Fe31/21 emission, by compar-
ing the hole emission Arrhenius plot with the electron em
sion Arrhenius plot~Fig. 6, inset!. For a recombination cen
ter the emission rates and thus the Arrhenius plots
expected to be the same since the observed emission rat
DLTS experiment is the sum of the electron and hole em
sion rates.30 A further proof of the identity of this trap is
given by the Fe21/31 electron emission signal in DLTS mea
surements after electron injection. As a result, the posi
Fe-related hole emission peak is superimposed by a neg
electron emission signal at the same position. The sec
DLTS peak in Fig. 6 labeledA is related to an unknown
contamination of the doping material used. T

FIG. 5. DLTS spectra for two MOCVDp-type InP:Fe
1Zn/n1-type InP:Si samples, which are identical except for the
doping profile. The DLTS spectrum in~a! is of a sample with a
completely Fe-dopedp-type region. The DLTS spectrum in~b! is of
a sample with a 270-nm nominally Fe-undopedp-type InP:Zn re-
gion close to the metallurgical junction~c!. The influence of the Fe
content close to the metallurgical junction can be clearly seen in
DLTS spectra for increasing filling pulse lengths (tpulse5200 ns, 2
ms, 20ms, 200ms, 2 ms, 20 ms!.
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Fe21/31hole-capture cross section could be determined fr
this sample to vary from 3310218 to 7.2310218 cm2 in the
temperature range 284–334 K. The data are in agreem
with a multiphonon emission process20 with a capture barrier
of EB5161 meV. The value fors` determined from the fit
is 2.5310215 cm2. Unfortunately no measurement of th
field dependence of the hole emission signal could be ma
since, for the LPE grown sample without the negative el
tron emission signal, the residual hole concentration w
very low (931014 cm23). In higher doped samples suite
for such measurements the electron emission signal wo
dominate the DLTS spectrum as in the MOCVD-grow
samples. Also, a determination of the hole-capture cross
tion at high electric-field strengths with the method describ
for electron capture was not possible. However, we co
determine if the hole-capture cross sectionsp is smaller or
larger than the electron capture cross sectionsn . Using a
blue GaN LED that mostly generates a hole current in
junction, no hole emission peak could be observed and o
a small electron emission signal appears, probably due to
very few electrons that are still generated in the deplet
region. In a second experiment, with a GaAs LED, both el
trons and holes are generated in comparable concentratio
the depletion region and an electron emission peak is
served. Considering the fact thatcn5snn and cp5spp,
wherecn andcp represent the respective electron- and ho
capture rates, one can determine ifsp is larger or smaller
thansn . In the first experiment the electron concentrationn
must be smaller than the hole concentrationp whereas for
the second experimentn'p. Since in both cases no hol
emission signal is observed and only a strong electron em
sion signal is seen in the second experiment,sp must be
smaller thansn in an electric field. Otherwise, ifsp>sn a
hole emission signal should be observed in both experime

IV. DISCUSSION

Since the Fe level in InP is known to be the 21/31 mid-
gap acceptor level, attracting positively charged carriers,

e

e

FIG. 6. DLTS spectrum of the LPE-grownp-type InP:Fe
sample. Due to a nonuniform Fe doping only the positive Fe31/21

hole emission peak is observed. PeakA is due to an unknown
contamination of the doping source. The Fe21/31 emission peak is
increasing with increasing filling pulse time (tpulse52ms, 4 ms, 10
ms, 20ms, 40ms, 100ms, 200ms, 400ms, 2 ms, 10 ms!. The inset
shows the hole emission Arrhenius plot~s, Fe31/21) in comparison
to electron emission Arrhenius plots for Fe21/31, @l ~this work!, m

~Ref. 4!, d ~Ref. 5!#.
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56 10 245CAPACITANCE TRANSIENT STUDY OF THE DEEP Fe . . .
could expect a large hole and a small electron-capture c
section. For example, the Ti31/41 midgap donor in InP,
which can be expected to attract electrons, was found to h
an electron-capture cross section nine orders of magni
larger than the hole-capture cross section.24 In contrast to
that, the hole-capture cross section of the Fe acceptor in
is found to be smaller than the electron-capture cross sec
Qualitatively this observation was already made by Babin
Korona, and Hennel, and Klein, Furneaux, and Henry8,9

However, the values of Klein, Furneaux, and Henry for t
electron- and hole-capture cross sections determined f
time-dependent photoluminescence measurements are
one order of magnitude larger than ours. It can be exclu
that the error in our measurements is so large, that the va
must indeed be a factor of 10 larger. Since we could v
exactly determine the sample parameters net carrier con
tration and the temperature and capture time constants
essary to calculate the capture cross section@see formula
~1!#, it is most likely that the values of Klein, Furneaux, an
Henry are too large. However, the ratio of the zero-fie
electron- and hole-capture cross sections we found to
about 25, which corresponds to the low-temperature r
found in the work of Klein, Furneaux, and Henry.9 Babinski,
Korona, and Hennel showed that the hole-capture cross
tion increases and gets larger than the electron-capture c
section when applying uniaxial stress: Inp-type InP:Fe they
observed a smaller DLTS signal than one would expect fr
the electrically active Fe concentration, and only when
plying pressure the DLTS peak increased. They determi
that the ratio of the electron- and hole-capture cross sect
is about 30 around 300 K.8 This is in agreement with ou
results onp-type InP:Fe where the amplitude of the DLT
peak corresponds to approximately 1% of the Fe concen
tion as determined by SIMS. We performed numerical sim
lations of a diode structure as used in our experiments
these simulations the electron and hole concentrations in
space-charge region of ap/n1 diode are calculated includin
the free-carrier Debye tail. First of all, the population of t
deep level is determined at reverse bias and then for appl
a filling pulse of defined length taking into account electr
and hole capture and reemission processes. The popul
shown in Fig. 7 is the trap population in thermal equilibriu
and at the end of filling pulses of different lengths when
reverse bias is reapplied. Our simulations clearly dem
strate that the strong negative electron emission pea
p-type InP:Fe is due to electron capture and reemission
thep-type region close to the metallurgical junction~Fig. 7!.
This result agrees with the conclusions drawn from DL
spectra obtained from the two differentp-type InP:Fe
MOCVD samples~Fig. 5! where, in the sample with a lowe
Fe concentration close to the metallurgical junction,
negative electron emission signal in the DLTS spectra
smaller. The shift of the negative electron emission sign
which is originating in the high-field region of the diode,
due to the field-induced emission enhancement of
Fe21/31 electron emission. For these simulations the val
for the capture cross section for the field-free case were
plied since the hole capture occurs in the field-free reg
and the ratio of the zero-field capture cross sections is
portant to explain the small hole emission DLTS peak o
served. The electron capture, however, occurs in the h
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field region of the space-charge region, but it makes
difference if the electron-capture cross section is of the or
of 10217– 10215 cm2 to model our results, since we woul
observe the electron emission signal for both values of
capture cross section. By comparing the increase of the
pacitance signal with increasing filling pulse length for bo
values of the electron-capture cross section, we conclu
that the electron-capture cross section is indeed larger
10217 cm2 in an electric field. It can also be shown that th
electron emission signal described here can only be obse
in bipolar diodes. In Schottky diodes, which are difficult
fabricate on InP, the electron emission signal is much wea
and appears only for very long filling pulse lengths, beca
of the lower electron concentration close to the metallurgi
junction.

The capture barriers in the field-free case, determined
138 meV for electron and 161 meV for hole capture, are
good agreement with a multiphonon emission proces20

From these relatively large values one can assume a s
perturbation of the InP lattice vibrations close to the Fe
ceptor and thus a small displacement of the energy parab
in the configuration-coordinate scheme~Fig. 8!. The values
determined for the capture barrier might be lower (EBA) than
the real barrier (EB) since tunneling through the barrier a
lower energies is very likely for a configuration with a sma
displacement of the energy parabolas. Some relative
placement of the parabolas agrees with the results
Bremondet al. and Fung, Nicholas, and Stradling, who d
termined for the Fe21/31 center in InP a rather small Franck
Condon shift energy~;100 meV!.25,26 In contrast to that
Takanohashi and Nakajima determined a Franck-Condon
ergy shift of zero.27 A Franck-Condon energy shift of zero is
however, impossible because then the capture by a m
tiphonon emission process, which implies a displacemen
the energy parabolas20 and which was already observed b

FIG. 7. Simulation of the Fe21 occupation in thep-type InP:Fe
sample of Fig. 5~a!. The hole-capture cross section is lower than t
electron-capture cross section, thus even inp-type material only 1%
of the Fe centers in the capture and emission region are in the31

charge state while the rest remains in the Fe21 charge state, result
ing in the small DLTS hole emission signal in Fig. 5. Anoth
important and unusual consequence of the electron- and h
capture cross section ratio is the electron emission region clos
the metallurgical junction causing the negative DLTS signal
longer filling pulse lengths~full line, equilibrium; dashed lines, af-
ter filling pulses oftpulse5200 ns, 2ms, 20ms, 200ms, 2 ms, 20
ms!.
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Klein, Furneaux, and Henry,9 is not probable.
Interesting and up to now only scarcely investigated is

difference of the capture cross sections of deep levels w
and without an electric field.22,23,28,29For Fe in GaAs such an
investigation was reported by Prinz and Rechkunov.23 They
observed a strong field dependence of the Fe21/31 capture
cross sections in GaAs that increased by about 4 order
magnitude. The increase for the Fe21/31 electron-capture
cross section found in InP:Fe by applying an electric field
less than two orders of magnitude. We determined the va
to 1310215 cm2, which is the same as found by Look from
modeling results of photoconductivity measurement10

Since a voltage and thus an electric field is applied in p
toconductivity measurements the value found by Look m
agree with the value for electron capture in an electric fie

For an increase of the capture cross section in an ele
field two different models are described in the literature.23,31

First of all, in a simple model, carrier heating in an elect
field can increase the capture probability since the hot e
trons gain a higher energy and consequently the appa
capture barrier is lowered~Fig. 8!. The electric-field strength
in our samples was higher than 43104 V/cm, resulting in
electron energies above the apparent capture barrier, so
process might explain the observed increase of the cap
cross section. Also, a dependence of the capture cross se
with further increasing electric-field strength cannot be
pected when the electron energy is already of the order o
above the capture barrier energy in correspondence with
results. But, as Prinz and Rechkunov already pointed
this simple model does not take into account that an incre
of the electron energy results in a shift of the free-elect
parabola to much higher energies up to theL andX valleys
where the hot electrons get scattered to. Thus the cros
point of the energy parabolas for the free and bound elec
moves towards higher energies and, as a result, the ca
barrier will be significantly increased.23 So the capture cros
section should even decrease in an electric field, which
also theoretically evaluated by Abakumovet al.31 In their
semiclassical approach they determined the influence of
charge of a deep center and of carrier heating on the cap

FIG. 8. Configuration coordinate scheme of the Fe21/31 transi-
tion without an electric field~full line! and in an electric field as
suming carrier heating~dashed line! or an electric-field effect~dot-
ted line! ~apparent or measured capture barrierEBA , capture barrier
EB).
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cross section by using a configuration coordinate model
calculating the tunneling probabilities between the bou
and free-electron parabolas. They demonstrated that elec
heating usually results in a decrease of the capture c
section of a neutral center, as the Fe31/21 electron capture
transition is. This is, however, in clear contrast to our resu

A second model for the field dependence of the capt
cross section by Abakumovet al. proposes a change of th
energy parabolas in the configuration coordinate schem31

In this model the parabola for the free electron gets close
the parabola of the bound electron by applying an elec
field. This is the case if the deep level shows a fie
enhanced emission rate as the Fe acceptor in InP does31,32

Thus the tunneling probability and, as a consequence of t
the capture cross section increase and the observed ca
barrier decreases~Fig. 8!. But for Fe in InP this lowering is,
especially at field strengths below 105 V/cm, negligibly
small. So this model cannot explain the increased electr
capture cross section.

Turki, Piccoli, and Viallet observed that the electro
capture cross section increases in a small region of
electric-field strength around approximately 104 V/cm.11

This field strength corresponds to the onset of negative
ferential resistivity at which significant scattering of the ele
trons from theG point to theL valleys occurs. Taking into
account our results it is therefore indicated that the cap
barrier vanishes or gets much lower for capture of electr
in theL valleys. Consequently, for field strengths below 14

V/cm the capture barrier can be expected to increase sig
cantly, in a small region of the electric-field strength, to t
value determined in the field-free case. This is not explain
by any of the theoretical models discussed in this chap
since all these models suggest that a steady increase o
capture cross section over a wide region of the electric-fi
strength should be observed. Such behavior would be in c
trast to the results of Turki, Piccoli, and Viallet.11 However,
at high field strengths, as in our experiments, it is poss
that a saturation value of the capture cross section occu

The observed field effect of the Fe21/31 electron emission
accounts for the scatter of the emission data in literature3–7

and the shift of the electron emission signal with respec
the hole emission inp-type InP:Fe as described in this cha
ter. The field effect can be best explained by a polarizat
potential model, which is a reasonable model for a neu
defect.14,15 Since a fit with a phonon-assisted tunnelin
model gave no satisfactory result a strong coupling of
defect to the lattice is not probable. However, there must
a weak coupling, since a multiphonon emission process
observed by us, and a Franck-Condon shift as reported
others,25,26 is due to a coupling of the defect to the lattice20

It is thus very likely that both processes, polarization pote
tial and a weak phonon assisted tunneling process, occur,
the applied electric-field strengths were too low to observ
dominating phonon-assisted tunneling process.

For a determination of the activation energy of a de
level the measured apparent activation energy usually ha
be corrected by the capture barrier energy. This would g
an activation energy ofEA'EC20.49 eV for the Fe21/31

transition, which is in sharp contradiction with other expe
mental results.1 The observed electric-field dependence
the electron-capture cross section explains why, for an ac
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TABLE I. Activation energies and capture cross-section of the deep Fe acceptor level in InP as determined by DLTS measur

EA

from DLTS s` Field effect
sn(T)

EB

sp(T)
EB

sn(T),EB

F.43104 V/cm

This work
Fe21/31

Ec20.6260.01 eV
F'83104 V/cm

1.3310214 cm2 Polarization
potential

a52.8310219 cm3

sn`
51.8310215

cm2

EB5138 meV

sn`
52e215 cm2

EB518 meV

This work
Fe31/21

DE50.6360.03 eV 6.4310215 cm2 sn`
52.5310215

cm2

EB5161 meV
Fe21/31 ~Ref. 3! Ec20.59 eV 4310214 cm2 .5310216 cm2

Fe21/31 ~Ref. 4! Ec20.62 eV 1.8310214 cm2

Fe21/31 ~Ref. 5! Ec20.63 eV 2310214 cm2

Fe31/21 ~Ref. 7! DE50.6360.05 eV 10215 cm2

Fe21/31 ~Ref. 8! Ec20.6560.05 eV
Fe31/21 ~Ref. 8! DE50.5760.05eV
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rate determination of the activation energy, the difference
the activation energy, as determined from the Arrhenius p
and the capture barrier, as determined from a separate
dard capture experiment, cannot be used. This is in con
to the common belief that a capture barrier is increasing
apparent activation energy of a deep level as observed
DLTS measurement. Since the emission during a stand
DLTS measurement occurs in an electric field, the value
the capture barrier at this field strength must be taken
account. Consequently, if this value has not been determi
a correction of the apparent activation energy might
wrong. For the Fe21/31 transition, the barrier in an electri
field can be determined to be lower than 20 meV. Thus it
be neglected within the error of the DLTS measureme
Additionally if observing both electron and hole emissi
processes, both processes should be taken into account f
accurate determination of the activation energy.30 Since the
difference in the emission processes of a factor of 25 is r
tively large, the hole emission process can be neglected.30 So
from the low-field electron emission signature one sho
obtain the activation energy of this level without having
capture barrier correction, only with a little error due to t
electric-field effect. The uncorrected value for the low-fie
activation energy of the Fe21/31 emission at 300 K of
620610 meV is also in good agreement with other valu
found for the Fe21/31 activation energy determined wit
other methods, which are reported to be around 630 me
300 K ~see, for example, Ref. 1!.

In a recently published photoluminescence study by S¨d-
erström et al. an electron-capture cross sectionsn of
1310215 cm2 and a hole-capture cross sectionsp of
6310215 cm2 is reported.33 The value forsn agrees with our
value in the presence of an electric field. Since the Fe-do
si layers used for the determination ofsn were epitaxially
grown on ann-type substrate, it is likely that the samples
Söderström et al. have a built-in electric field, bringing thei
value into agreement with our result. For a determination
sp n-type samples were used where the Fe doping level
at least a factor of 20 above the known maximum electrica
active concentration of approximately 831016 cm23.13 Thus
precipitates may strongly influence their results, which w
calculated by usingsn determined in an electric field. In
f
t,
an-
st
e
a

rd
f

to
d,
e

n
t.

an

a-

d

s

at

ed

f
as
y

e

addition to the problems caused by precipitates and o
defects associated with high Fe doping it is not justified
use thesn value they measured in an electric field for
determination ofsp without a field, since these samples a
purely n type, thus they have no built-in electric field.

V. SUMMARY

We have studied in detail the electrical properties of
deep Fe acceptor in InP~Table I!. An investigation of the
field dependence of the Fe21/31 emission signature show
that the Fe center has a weak field dependence of the e
sion rate. This field dependence can be best explained
polarization potential model. For electron capture we fou
an electric-field dependence of the capture cross sec
which increases from 1.5310217 to 1.0310215 cm2 at 300
K, when increasing the electric-field strength from zero
values above 43104 V/cm. This increase is due to a lowe
ing of the capture barrier of a multiphonon emissi
process20 from 138 meV close to zero and is most like
correlated to a different capture mechanism for hot electr
in the L valleys. For hole emission we observed a mu
lower DLTS signal than expected from the chemical Fe c
centration and in most samples a negative electron emis
signal for longer DLTS filling pulse lengths. We have show
that this is due to an about one order of magnitude hig
electron- than hole-capture cross section. For an app
electric field we have shown that the electron-capture cr
section must be larger than the hole-capture cross sectio
is the case in the absence of a field.
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