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Enhanced multiphonon capture of hot electrons by deep centers with strong lattice coupling:
A Monte Carlo study of InP:Fe

Mark Isler and Dennis Liebig
Technische Universita¨t Hamburg-Harburg, Arbeitsbereich Hochfrequenztechnik, Denickestrasse 22, D-21073 Hamburg, Germa

~Received 14 September 1999!

The free-carrier energy dependence of the nonradiative multiphonon capture mechanism in semiconductors
is investigated in the case of weak and strong lattice coupling of the deep center, considering high and low
lattice temperatures. It is shown that in the case of strong coupling, the multiphonon capture probability is
resonantly enhanced for hot electrons. This effect is even more pronounced at low temperatures. Consequently,
enhanced capture of hot electrons byDX or other deep centers can be explained in a very general way.
Incorporating the analytically calculated energy dependent multiphonon capture probability into a Monte Carlo
transport simulation of InP, the electric field dependence of the effective electron capture cross section is
calculated. By varying the Huang-Rhys coupling constant over a wide range of magnitude, the cases of weak
and strong electron-lattice interaction are investigated. For strong coupling, an enhancement of the capture
cross section in the presence of a high electric field is found, in accordance with the experimental data for
Fe-doped InP. By attributing the capture of electrons to the excited state Fe21(5T2), excellent agreement is
obtained between the theoretical calculation and the experimental data for both the temperature and the electric
field dependence of the capture cross section. The calculated temperature dependence reveals a lowering of the
capture barrier induced by the electric field.
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I. INTRODUCTION

Until now, the enhanced capture of hot electrons, exp
mentally observed in the presence of an accelerating ele
field, has not been explained satisfactorily. While an incre
of the capture rate with electric field strength at low tempe
tures can be attributed to the Sommerfeld factor in the c
of a repulsive center~Ref. 1, p. 118, and references therein!,
the reported strong enhancement of the nonradiative cap
cross section in an electric field,2 irrespective of the charge
state of the defect, is not well understood. Moreover,
reported high field capture cross section shows a near i
pendence of lattice temperature, whereas the capture c
section in a zero electric field shows a pronounced therm
activated behavior.2 Recently, a similar temperature an
electric field dependence of the electron capture cross se
has been observed for the Fe impurity in InP.3 Since Fe
doped InP is used as a semi-insulating substrate mat
for high speed electronic devices such
InxAl12xAs/InyGa12yAs high-electron-mobility transistor
~HEMT’s! and optoelectronic devices, an understanding
the electronic behavior of InP:Fe is essential for the impro
ment of these devices. Regarding transport modeling,
general use of the thermal capture cross section, for exam
in drift-diffusion models, becomes questionable consider
the reported strong electric field dependence of the cross
tion. Thus, it is of primary interest to take into account t
electric field dependence of the capture cross section
deep level in transport models, or more fundamentally,
consider the free-carrier energy dependence of the cap
probability.

A popular example of hot electron capture is the capt
to DX centers in AlxGa12xAs.4 These centers are the cau
of several deleterious effects on the electrical characteris
of a HEMT, such as, for example, the threshold voltage sh5

or the collapse of the low field conductance.6 Since it is
PRB 610163-1829/2000/61~11!/7483~6!/$15.00
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widely accepted thatDX centers exhibit large lattice relax
ation, it is important to resolve how the lattice coupling
the deep center is related to hot electron capture. Moreo
it is still controversial whether the multiphonon theory
able to describe hot electron capture,2 whereas there is no
doubt that it is the appropriate framework to explain t
thermally activated behavior of the thermal capture cr
section for a variety of deep levels.7 For this reason, the
free-carrier energy dependence of the multiphonon cap
probability is investigated in this work with particular atte
tion to the influence of the Huang-Rhys coupling const
which specifies the strength of the electron-lattice interact
of a deep level. Furthermore, the deduced energy depend
of the multiphonon capture probability is incorporated into
Monte Carlo transport simulation, allowing an accurate stu
of hot electron effects. By performing Monte Carlo simul
tions of n-type InP, the electron capture cross section is c
culated by varying the electric field strength and the Hua
Rhys coupling constant over a wide range of magnitude. T
results are used for a comparison of the electric field a
temperature dependence of the electron capture cross se
in iron-doped InP with the experimental data of Ref. 3.

Since it is established that iron introduces two levels
the energy gap of InP, the ground state Fe21(5E) at EC
20.6 eV and the excited state Fe21(5T2) at EC20.3 eV,8

we investigated whether the apparent capture cross secti
due to the capture of electrons by the ground state, or by
excited state followed by an internal relaxation.

II. ENERGY DEPENDENCE OF THE MULTIPHONON
CAPTURE PROBABILITY

To examine the free-carrier energy dependence of
multiphonon capture mechanism, it is helpful to consid
first the so-called configuration coordinate diagram, wh
will be briefly reviewed here. As a result of the linear co
pling between a bound state and one phonon mode with
7483 ©2000 The American Physical Society
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7484 PRB 61MARK ISLER AND DENNIS LIEBIG
quencyv, generally assumed in multiphonon theory, a s
tem composed of a bound state and lattice vibrations beh
as a harmonic oscillator. In the case of a free electron,
electron-lattice system represents a harmonic oscillator
is shifted in the lattice coordinateQ depending on the value
of the Huang-Rhys coupling constantS. This is shown in
Fig. 1 in the configuration coordinate diagram,9 which de-
picts the total energy of the electron-lattice system for
bound and free carrier states in the cases of weak and st
coupling, respectively.

The energyEB in Fig. 1 specifies the capture barrier~with
respect to the bottom of the conduction band!, resulting in a
thermally activated capture cross section at high temp
tures. Considering a high energy electron in the configura
coordinate diagram, for example, an electron in theL valley,
means simply that the upper parabola for the case of a
carrier is shifted vertically upward in energy space, since
total energy of the electron-lattice system is considered.
viously, the capture barrier increases with the electronic
ergy in the case of weak coupling, whereas, for strong c
pling, the capture barrier first decreases, vanishes fo
carrier energy« res5S\v2ET , and increases again fo
higher free-carrier energies. This means that a resonan
ergy dependence of the capture probability exists. For a c
ter with strong electron-lattice coupling, it is hence expec
that hot electrons are more likely captured than low energ
electrons. This is in sharp contrast with the generally u
picture of capture occurring mainly from the bottom of t
conduction band.

Keeping this qualitative understanding in mind, the m
tiphonon capture probability is now to be examined w
respect to its free-carrier energy dependence. Using pe
bation theory for the calculation of the capture probability
system composed of electron and lattice vibrations has to
considered. In a Born-Oppenheimer approximation, the
tial delocalized stateu i ,n& and the final localized stateu f ,n8&
are products of an electronic wave functionc and a vibra-
tional wave functionxn , which is the normalized wave func
tion of a harmonic oscillator. The capture probabilityPcap
then reads

Pcap5
2p

\
Avn(

n8, f

u^ i ,nuHintu f ,n8&u2d~Ei ,n2Ef ,n8!, ~1!

FIG. 1. Configuration coordinate diagram for the electron-latt
system for small~a! and large~b! lattice relaxation energyER

5S\v representing the weak and strong coupling cases. The
ture barrierEB is defined with respect to the bottom of the condu
tion band (G). ET denotes the energy depth of the defect. T
broken parabola illustrates the case of a hot electron in theL valley.
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whereAvn denotes a thermal average over the initial vib
tional states. As we are interested in calculating the ene
dependent capture probability, i.e., the capture probability
one specific initial electronic stateu i &, there is no averaging
with respect toi. The sum occurring in Eq.~1! is performed
over all possible final states.Hint specifies the interaction
Hamiltonian.Ei ,n5\v(n1 1

2 )1« is the total energy of the
initial state andEf ,n85\v(n81 1

2 )2ET the total energy of
the final state,« denoting the free-carrier energy andET the
energy depth of the deep level with respect to the conduc
band.

Using a static scheme, the electronic wave functions
calculated at some given lattice coordinate. Evaluating
sum on account of thed functiond(Ei ,n2Ef ,n8), the capture
probability consists approximately of a pure electronic m
trix element u^c i uHintuc f&u2 and an averaged vibrationa
overlap integralAvnu^xnuxn8&u

2. The last quantity can be
calculated by using the well-known wave functions of a h
monic oscillator, and is given by7,10

Avnu^xnuxn1m&u2

5expFm\v

2kBT
2ScothS \v

2kBTD G I mS S

sinh~\v/2kBT! D ,

~2!

where, in the case considered here,m is given by (ET
1«)/\v. I m denotes the modified Bessel function of ord
m which can be approximated for large values ofm by

I m~x!>
eAm21x2

A2p~m21x2!1/4
e2m sinh21(m/x). ~3!

For deep levels, this approximation is valid in general.
For a neutral center, the energy dependence of the e

tronic matrix element can be neglected in a first approxim
tion: The error is expected to be of the order ofO(ET /«),
which can be recognized by approximating the free state
u f &}eikr /kr. The expected error is therefore small in com
parison with the dominating exponential energy depende
of the overlap integral.

In the case of a charged deep center, the energy de
dence of the electronic matrix element, due to the interac
of the electronic wave function with the long range Coulom
field, can be taken into account to a certain extent by
Sommerfeld factor11,12

sk
Z5

2pZ/aBk

12exp@22pZ/aBk#
. ~4!

Here, the electronic state is specified by the wave vectok.
aB is the effective Bohr radius andZ the charge state~in
units of e) of the deep center. The Sommerfeld factor e
presses the effect of an additional attractive or repuls
Coulomb tail of the defect potential on the capture proba
ity. It takes the value of unity for a neutral center, as is t
case for the Fe31/21 electron capture transition in InP con
sidered later on.

Restricting ourselves to a neutral center, we finally obt
for the energy dependent multiphonon capture probab
Pcap(«)

e

p-
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Pcap~«!5A expFET1«

2kBT
2ScothS \v

2kBTD G
3I (ET1«)/\vS S

sinh~\v/2kBT! D , ~5!

where the Bessel function can be approximated as ab
The quantityA is an adjustable factor which does not depe
on temperature. In the case of charged centers the Som
feld factor can be included in this expression as a first
proximation.

It has to be pointed out that the expression for the ene
dependent multiphonon capture probability that we obtai
does not show any restrictions on the free-carrier energy,
strength of the electron-lattice coupling, or the temperatu
It can be shown that the given expression is identical to
result in Ref. 11 in the weak coupling limit and for low
carrier energies. Moreover, it reduces to the result given
Ref. 1 ~p. 142ff! for low temperatures and weak couplin
Finally, it is comparable to the form obtained by Ridley12

who uses the adiabatic approach and considers the low
perature and weak coupling cases. In this way, we overc
previous limitations on the coupling strength and the fr
carrier energy. Using the theoretical framework developed
is now possible to describe hot electron effects on the cap
cross section even for strong coupling where, in accorda
with the configuration coordinate diagram, an enhanced c
ture of hot electrons is expected.

In Fig. 2, the multiphonon capture probability given b
Eq. ~5! is shown as a function of the reduced carrier ene
«/ET in the case of a high lattice temperature. The ene
depth of the deep levelET has been arbitrarily chosen as 0
eV. The dimensionless parameterh is defined as h
ªS\v/ET and specifies the strength of the electron-latt
coupling of the defect. Obviously, in the case of weak co
pling, a monotonic decrease of the capture probability is
tained when the carrier energy is increased. For strong c
pling the capture probability first increases, reaches
maximum, and decreases for sufficiently high energies.
important to recognize that in the case of strong coupling,

FIG. 2. Free-carrier energy dependence of the multiphonon
ture probability for different coupling strengthshªS\v/ET at T
5300 K. The high temperature approximation is depicted for o
coupling strength~dotted line!.
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capture probability can increase at room temperature o
several orders of magnitude. At low temperatures, this
havior is even more pronounced, as is shown in Fig. 3.

Additionally, the high and low temperature approxim
tions of the capture probability are shown in Figs. 2 and 3
a specific coupling strength~dotted line!. For high tempera-
tures (kBT@\v/2) the energy dependent capture probabil
can be approximated by

Pcap~«!}expF2
~ET2S\v1«!2

4 S\v kBT G , ~6!

or, written in reduced quantities,

Pcap~«!}expF2
~«/ET2h11!2

4 h kBT/ET
G . ~7!

This relationship can also be recognized in the general re
in Fig. 2 which approximately shows a parabolic energy d
pendence in the depicted logarithmic scale. Moreover,
high temperature approximation describes the therm
activated behavior of the capture cross sections
}exp(2EB /kBT), where the capture barrierEB is given by
(ET2S\v)2/4S\v in the case of low energetic carrier
Furthermore, it explains the resonant energy dependenc
strong coupling (S\v>ET), where the capture probability
takes a maximum value at« res5S\v2ET . This is in agree-
ment with Fig. 1~b!: the capture barrier vanishes if carrie
with this energy are considered.

In the low temperature limit (kBT!\v/2), the capture
probability can be approximated by

Pcap~«!}expH 2
1

j S 11
«

ET
D F ln

1

h S 11
«

ET
D21G J , ~8!

where jª\v/ET specifies the frequency of the couplin
phonon mode. The phonon frequency determines the t
perature (kBT5\v/2) that separates the low temperatu
saturation regime and the high temperature thermally a
vated regime of the capture probability and the capture cr
section.

p-

e

FIG. 3. Free-carrier energy dependence of the multiphonon c
ture probability for different coupling strengthsh and different pho-
non energiesjª\v/ET at T577 K. The dotted line depicts the
low temperature approximation.
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7486 PRB 61MARK ISLER AND DENNIS LIEBIG
So far, the influence of temperature, coupling streng
and phonon frequency on the energy dependence of the
ture probability has been pointed out. Now we extend
investigation of carrier capture by incorporating the analy
cal expression of Eq.~5! into a Monte Carlo transport simu
lation.

III. MONTE CARLO MODELING OF HOT ELECTRON
CAPTURE BY MULTIPHONON EMISSION

To investigate the electric field influence on the nonra
ative capture cross section, the multiphonon capture p
ability is considered self-consistently with the energy dis
bution of free carriers for a given electric field. Wit
knowledge of the mean capture probability^Pcap(«)& and
the average carrier velocitŷv&, the electron capture cros
section can be calculated fromsn5^Pcap(«)&/^v&. The
mean capture probabilitŷPcap(«)& is by definition

^Pcap~«!&5

E Pcap~«! f ~«!D~«! d«

E f ~«!D~«! d«

, ~9!

where f («) denotes the electron distribution function in e
ergy space andD(«) the density of states in the conductio
band.

Incorporating the energy dependent multiphonon cap
probability in addition to the usual scattering mechanism13

into a Monte Carlo transport simulation allows calculation
^Pcap(«)& by means of a time and/or ensemble avera
Then sn in the presence of an electric field is obtained.
general, this leads to a long computation time due to
large difference in time scales of the capture events and
scattering processes.

To overcome this difficulty, we propose to calculate fi
the distribution functionf («) for each considered electri
field strength before Eq.~9! is used. The distribution function
f («) is by definition the distribution that evolves sel
consistently in the presence of capture, emission, and s
tering processes. Due to the higher rate of scattering
cesses, the capture and emission events modify in gen
only the integrated distribution, i.e., the electron dens
whereas the functional shape of the energy~or wave vector!
distribution remains unaltered. This reasoning is restricte
nondegenerate materials. In the case of a degenerate m
rial, the variation of density due to capture or emissi
events is accompanied by a shift of the Fermi level, result
in a modified shape of the energy distribution function.

Restricting ourselves to nondegenerate materials, the
tribution function in the presence of capture and emiss
processes is simply proportional to the distribution funct
in the absence of them. Therefore, the distribution obtai
by ignoring these events in the Monte Carlo simulation c
be used to calculate the mean capture probability with
~9!. In this manner, only the usual Monte Carlo simulati
on the time scale of the scattering processes has to be
formed for each electric field strength considered.

In the Monte Carlo simulation, the band structure of t
semiconductor InP is approximated by using a three-va
model which takes into account the nonparabolicity of ea
,
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valley. The scattering mechanisms in the simulation inclu
intravalley and intervalley phonon scattering as well as io
ized impurity scattering. The material parameters, such
for instance, the coupling constants and the valley separa
energies, have been extracted from the literature,14 yielding a
velocity-field characteristic in close agreement with t
available experimental data.15,16

IV. RESULTS FOR InP:Fe AND DISCUSSION

Using the procedure described above, the electron cap
cross section in InP has been calculated as a function of
electric field strength at room temperature. The results
shown in Fig. 4 for several values of the coupling streng
specified by the lattice relaxation energyER5S\v. The high
field capture cross section is shown to vary over six order
magnitude as a function ofER . With respect to its therma
value, a significant enhancement of the cross section in
presence of a high electric field is obtained for strong c
pling, whereas, in the case of weak coupling, the elec
field causes the capture cross section to decrease. Thus
widely accepted picture of capture occurring mainly from t
bottom of the conduction band, which leads to a reduc
capture cross section in the presence of a high electric fi
is restricted to the case of weak electron-lattice interaction
the framework of multiphonon theory.

It is interesting to note that the electron capture cro
section varies only slightly for electric fields approximate
in the range of 15 kV/cm to 100 kV/cm, especially for stron
coupling. This may be surprising, remembering the Gauss
shape of the capture probability as a function of the car
energy, which suggests a resonant structure for the ele
field dependence of the capture cross section. The weak
pendence of the capture cross section on the electric
strength in the considered electric field regime can be
plained by the almost constant mean total electron ene
This is depicted in Fig. 5, which shows the Monte Ca
result for the mean total energy as a function of the elec
field strength inn-type InP. It is well known that the station
ary drift velocity in InP reaches its maximum value for a
electric field of approximately 10 kV/cm due to increasin
occupation of the upper valleys. Simultaneously, the car
heating as a function of the electric field slows down due

FIG. 4. Calculated electric field dependence of the electron c
ture cross section in InP atT5300 K for different lattice relaxation
energiesER5S\v specifying different values of the couplin
strength. The energy depthET has been chosen as 0.3 eV.
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PRB 61 7487ENHANCED MULTIPHONON CAPTURE OF HOT . . .
the larger effective mass in the upper valleys. A slow
crease of the mean electron energy for electric fields betw
10 kV/cm and 100 kV/cm is necessary to obtain a bro
plateau of the capture cross section.

Similarly, the saturation of the electron capture cross s
tion in Fe-doped GaAs for electric fields between 6 kV/c
and 90 kV/cm, as reported in Ref. 2, can be explained
considering that the maximum drift velocity in GaAs
reached at approximately 5 kV/cm. Moreover, the results
Fig. 4 convince us that the experimentally observed3 satura-
tion of the electron capture cross section in InP:Fe for e
tric field strengths of 40 to 140 kV/cm can be describ
consistently by our theoretical investigation. To show this
more detail, we will now consider the electron capture cr
section for the Fe center in InP and the available experim
tal data.3 In Ref. 3, a capture barrier ofEB50.138 eV was
obtained for the thermal electron capture cross section. F
given capture barrier, the energy depthET and the lattice
relaxation energyER5S\v are related to each other byEB
5(ET2ER)2/4ER . This mutual dependence of the trap p
rameters is illustrated in Fig. 6 whereER is plotted as a
function of ET with EB as a parameter. Due to the quadra
relation, there are in general two solutions for the latt
relaxation energyER if ET andEB are given, one for weak
and another one for strong coupling. These two regimes
easily be identified in Fig. 6.

The reported increase of the electron capture cross se
for high electric fields3 leads us to reject the weak couplin
solution. In this way, we are restricted to one set ofER(ET)
for EB50.138 eV with the energy depth as the only fr
parameter. Since the electrons can be captured directly b
ground state Fe21(5E) or by the excited state Fe21(5T2),
followed by an internal relaxation to the ground state,
energy depth concerning capture is unknowna priori.
Hence, we have performed calculations by varying the
ergy depthET and by using the corresponding values ofER
5S\v which yield a capture barrier of 0.138 eV. The resu
are shown in Fig. 7 together with the experimental values
Ref. 3. As can be seen from this figure, the experimental d
are very accurately described if an energy depth ofET50.3
60.1 eV is used. This value ofET suggests that the electro
capture can be attributed to the excited state Fe21(5T2), the
energetic position of which has been determined by opt

FIG. 5. Calculated mean electron energy as a function of
electric field inn-type InP atT5300 K andT577 K.
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measurements to be approximately 0.3 eV below the cond
tion band, whereas the ground state Fe21(5E) is located
deeper in the gap atEC20.6 eV.8

This interpretation of capture via the excited state is c
firmed by the fact that the value ofs`51.3310214 cm2,
obtained in Ref. 3 from emission experiments in the limit
1/T50, differs from the extrapolated value from capture da
(s`51.8310215 cm2) by one order of magnitude. This in
dicates that capture and emission involve two different l
els. Assuming that the electrons are emitted from the gro
state, it is consistent to attribute the capture to the exc
state.

Furthermore, it is suggested that the excited state cou
strongly to the lattice. The lattice relaxation energy, the
called Franck-Condon shift, obtained from the calculation
approximately 1.1 eV, which is comparable to the value o
tained for theDX centers in Si or Sn-doped AlxGa12xAs.9,17

This strong coupling could also be the reason for the per
tent currents observed in highly-Fe-doped InP at l
temperatures18; radiative capture is not possible for a de
center with large lattice relaxation energyS\v. Moreover,

e

FIG. 6. Contour plot of the multiphonon capture barrierEB

~equi-EB-lines in eV! as a function of the trap energy depthET and
the lattice relaxation energyER5S\v.

FIG. 7. Comparison between the simulation results using dif
ent trap parameters~curves! and experimental data~Ref. 3! ~sym-
bols! of the electron capture cross section in InP:Fe as a functio
the electric field strength at room temperature. The trap parame
used in the simulation have been chosen to yield a capture barri
0.138 eV.



n
ha
at
in
i
t
s

ur
th
or

er
e
e
b

en-
ing
ep

eri-
ob-
de-
.

ex-
e

vel.
ul-
e-
res-
es

ou-
u-
rved
-
f a
in
,
ent

red
the
ed.
the
tric
the

or-

ca
s

t
ho
re
.0

7488 PRB 61MARK ISLER AND DENNIS LIEBIG
optical measurements19 indicate no large Franck-Condo
shift of the ground state, which gives further evidence t
the level involved in the capture process is the excited st

Finally, in Fig. 8, the electron capture cross section
InP:Fe is shown as a function of the inverse temperature w
the electric field as a parameter. One can easily recognize
lowering of the capture barrier for high electric fields. A
there is no information available about the low temperat
behavior of the thermal electron capture cross section,
theoretical prediction for a zero electric field is shown f
two different values of the phonon frequency~compare the
broken line and the lowest continuous line!. This illustrates
the direct influence of the phonon frequency on the temp
ture kBT5\v/2 that separates the high temperature th
mally activated and the low temperature saturation regim
the thermal capture cross section. Finally, it should

FIG. 8. Calculated temperature dependence of the electron
ture cross section in InP:Fe for different electric field strengthF
using a phonon energy of 0.021 eV. The symbols represent
experimental data of Ref. 3. To illustrate the sensitivity to the p
non energy, which leads to an uncertainty at very low temperatu
the calculated thermal cross section using a phonon energy of 0
eV is also shown~broken line!.
s
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pointed out that the temperature and the electric field dep
dence of the capture cross section in Fig. 8 is of strik
similarity to the behavior reported in Ref. 2 for several de
levels in GaAs.

In summary, an excellent agreement between the exp
mental data and our theoretical calculations has been
tained concerning the electric field and the temperature
pendence of the electron capture cross section in InP:Fe

V. SUMMARY

It has been shown that hot electron capture can be
plained within the framework of a multiphonon theory in th
case of a strong electron-lattice interaction of the deep le
This conclusion has been reached by analyzing the m
tiphonon capture probability with regard to its detailed fre
carrier energy dependence. It is pointed out that the exp
sion deduced for the multiphonon capture probability do
not show any restrictions on the carrier energy or the c
pling strength. By performing a Monte Carlo transport sim
lation, the enhanced capture of hot electrons, as is obse
in Al xGa12xAs for DX centers,4 can be explained. In addi
tion, the lowering of the capture barrier in the presence o
high electric field, reported for a variety of deep levels
GaAs ~Ref. 2! and InP~Ref. 3!, is demonstrated. Moreover
by means of a quantitative comparison, excellent agreem
between the calculated and the experimentally measu3

electron capture cross sections in InP:Fe as a function of
electric field and the lattice temperature has been obtain
The Monte Carlo results reveal that the slow increase of
mean carrier energy for increasing intermediate elec
fields leads to a plateau of the capture cross section in
case of strong coupling.
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