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Calculation of the Coulomb broadening of donor-acceptor pair emission
in compensated semiconductors

P. Bäume, M. Behringer, J. Gutowski, and D. Hommel
Institut für Festkörperphysik, Universita¨t Bremen, P.O. Box 330440, D-28334 Bremen, Germany

~Received 7 January 1999; revised manuscript received 3 February 2000!

The line shape of donor-acceptor pair luminescence bands in doped but partially compensated semiconduc-
tors exhibits a distinct broadening effect with increasing compensation ratio. We present a very sensitive
Monte Carlo simulation of pair band emission highly suitable for typical compensated materials such as
ZnSe:N, serving not only as a model material but being also of high-technological relevance. For low com-
pensation, the line shape of the pair bands is calculated by taking into account the shift of the recombination
energies due to charged impurities resulting in a very good agreement with the experiment. The model is
perfectly applicable also to codoped ZnSe:N:Cl with Cl allowing for a precise control of the compensation
ratio. By modelling the line shapes and comparing with the experiment, the density of compensating impurities
could be determined even to values as low as several 1016 cm23. However, for high-compensation ratios, the
model fails because relaxation between the excited donor-acceptor pairs is neglected.
d
p
e
h

na
o

an
or
ed
a
ro

f-
p
a
ed
o

ca
li

ob
, t
ee
s,
ad
eo
n

ed
n
re

in
re
nt
n

med
of

ical
was

ple
pe
duc-

a
ha-

als,
ary

ip-

III.
w-

ape
e

in-
p-
to

the

a
Ni-
ce.
les
, a
as
ell
to
I. INTRODUCTION

Donor-acceptor pair~DAP! bands have been widely use
for more than three decades in order to characterize do
and partially compensated semiconductors. Extensive th
retical work has been done in the pioneering papers of T
mas, Hopfield, Augustyniak, and later Colbow.1–3 The broad
pair bands were explained in terms of radiative recombi
tion of electrons trapped on donors with holes trapped
acceptors. The dominant broadening mechanism of the b
is the Coulomb interaction of nearest-neighbor don
acceptor pairs. Further broadening mechanisms are relat
phonon interaction. This theoretical approach is known
the DAP standard theory. However, even in the most p
found work of Thomaset al.2 some arbitrary broadening e
fect on the DAP line shape is included in the line sha
calculations. The physical reasons for that additional bro
ening effect are manifold. The authors of Ref. 2 mention
e.g., phonon interaction and the Coulomb interaction
charged impurities surrounding the radiating DA pairs.

The broadening effect due to charged impurities was
culated by Breitenstein and Unger assuming a Gaussian
shape of each individual pair line.4 Their work was thus ca-
pable of explaining why discrete pair spectra are hardly
servable in compensated semiconductors. More recently
benefits and limits of the DAP standard theory have b
investigated in the field of the Group-II–VI semiconductor5

which are of technological interest since more than a dec
For weakly compensated samples, the DAP standard th
holds and allows for the determination of, e.g., binding e
ergies and recombination rates of the impurities involv
For more strongly compensated samples, this theory is
capable of describing the considerably broadened and
shifted luminescence bands.6–8 In Refs. 6–8, a qualitative
explanation of the experimental observations is given tak
into account the influence of charged impurities on the
combination energies. A first approach in terms of a Mo
Carlo calculation of the DAP line shape in strongly compe
PRB 620163-1829/2000/62~12!/8023~7!/$15.00
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sated ZnSe was given in our previous work.9 However, re-
laxation of the photogenerated carriers had to be assu
therein in order to explain the magnitude of the redshift
the experimental DAP line shape. Recently, an analyt
approach for heavily doped and compensated ZnSe:N
presented by Kuskovskyet al.10

The purpose of the present paper is to develop a sim
and reliable Monte Carlo calculation of the DAP line sha
in moderately doped and weakly compensated semicon
tors at low-excitation densities. For the very first time,
DAP line shape calculation, purely based on physical mec
nisms, well-established to occur in the relevant materi
perfectly reproduces the experimental findings. No arbitr
broadening needs to be included in the calculations.

The paper is organized as follows: After a short descr
tion of the experimental technique~Sec. II!, the standard
DAP approach is briefly reviewed in the theoretical Sec.
The influence of charged impurities is then included follo
ing the work of Shklovskii and Efros.11 Subsequently, the
Monte Carlo approach is presented. The standard line sh
analysis of ZnSe:N~Sec. IV A! is then compared to the mor
powerful Monte Carlo approach~Sec. IV B!. The Monte
Carlo approach is further verified by the investigation of
tentionally codoped ZnSe:N:Cl. Finally, the Monte Carlo a
proach is shown to fail for high-compensation ratios due
the relaxation of carriers in the warped band structure in
presence of potential fluctuations.

II. EXPERIMENTAL DETAILS

The ZnSe:N and ZnSe:N:Cl samples were grown in
twin chamber molecular-beam epitaxy system EPI 930.
trogen doping was performed using a rf plasma sour
While sample A was exclusively nitrogen doped, samp
B–D were codoped using the rf source and, additionally
ZnCl2 cell. The amount of incorporated chlorine donors w
controlled by the temperature of the ZnSe:Cl effusion c
~see Table I!. Details of the sample preparation prior
growth are published elsewhere.12 The carrier concentration
8023 ©2000 The American Physical Society
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TABLE I. Sample parameters. Samples B,C, and D were grown under identical conditions except
temperature of the ZnCl2 effusion cell.

Sample Doping (NA2ND)@cm23# NCl@cm23# Excitation conditions

A N 1.831017 2 W/cm2 at 430 nm~Figs. 1!
5 mW/cm2 at 441.6 nm~Figs. 3 and 4!

B N,Cl not measurable 0.331017 1 mW/cm2 at 441.6 nm

C N,Cl 4.731017 1.231017 1 mW/cm2 at 441.6 nm

D N,Cl not measurable 2.331017 1 mW/cm2 at 441.6 nm
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of sample C was characterized by an electrochem
capacitance-voltage~ECV! profiler. The donor and accepto
concentrations of sample B and D had to be estimated f
the ECV measurement of sample C together with a calib
tion of the chlorine doping using a ZnSe:Cl multilayer wi
different ZnCl2 temperatures during growth. The photolum
nescence spectra were recorded at 1.6 K with above-b
gap excitation at 430 nm from a cw dye system or near-ba
gap excitation at 441.56 nm from a HeCd laser. T
excitation power ranges from several mW/cm2 to 2 W/cm2.

III. THEORY

A. Line shape according to the standard DAP model

For lightly p-doped and weakly compensated semic
ductors with acceptor and donor concentrationsNA andND ,
respectively, the DAP standard theory was developed
Thomaset al.,2 Colbow,3 and was later applied by Ba¨ume
et al.5 In the latter work, the intensity of transitions from
neutral donors to neutral acceptors separated by a pair
tancer is given as

I k~r !dr;NAg~r !dr f e~r !W~r !sk . ~1!

Here, I k(r ) represents the line shape of the DAP emiss
under the simultaneous creation ofk LO phonons.g(r )dr is
the pair distribution function,f e(r ) the steady-state fractio
of neutral DA pairs,W(r ) the recombination rate, andsk the
probability for the creation ofk LO phonons with energy
ELO . The relation between pair separationr and the energy
E of an emitted photon reads

E5Egap2ED2EA1EC2k3ELO ; EC5
e2

4peoe~0!r
.

~2!

The relation between Coulomb termEC and pair separationr
can be used to express the emitted intensityI as a function of
the photon energyE

I ~E!;(
k50

`

I k@E2~Egap2ED2EA!1k3ELO#

3Q@E2~Egap2ED2EA!1k3ELO#. ~3!
al

m
-
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The heavyside functionQ cancels out contributions with a
negative Coulomb term. Equation~3! can be directly used to
calculate the line shape of the DAP emission for the purp
of comparison with the experiment. However, the calculat
is restricted to isolated, noninteracting DA pairs.

Depending on the experimental conditions, improveme
of Eq. ~3! can be made: For high densities of neutral imp
rities, which is the case for high doping and low compen
tion, each pair is surrounded by a background of neu
impurities of the majority dopant. The same is valid in mo
strongly compensated samples at high-excitation densi
where the major part of the charged impurities becom
neutralized via light-induced carriers. The background
neutral impurities generates additional recombination ch
nels as being reported by Thomaset al.2 These additional
recombination channels sensitively influence the decay c
acteristics of the time-resolved luminescence of the p
bands.13 The validity of Eq.~3! is therefore restricted to the
luminescence bands of lightly doped and low-compensa
samples.

B. Influence of charged impurities

It is well known that even in ZnSe made sucessfully
type, e.g., by the meanwhile established nitrogen dop
methods, a considerable number of donors is builtin, lead
to a particular compensation. AssumeNA the concentration
of doped-in acceptors andND,NA that of compensating do
nors. Without light illumination, all donor electrons wi
have recombined into acceptors so that all donors
charged, ND

15ND . Likewise, NA
25ND acceptors are

charged whileNA2ND acceptors remain neutral. For th
concentration of charged impurities being sufficiently larg
i.e., the compensation ratio being sufficiently high, each D
pair will be surrounded by a background of charged impu
ties and Eq.~2! is no longer valid for the photon energy o
the DAP recombination. We modelled the charged surrou
ings of DA pairs by a Monte Carlo simulation method: Fo
lowing Shklovskii and Efros,11 we calculated the lowes
total-energy state called pseudo-ground-state of a com
sated p-type crystal with donor and acceptor concentrat
ND , NA . The total energy H is minimized with respect to a
possible transfers of a hole from a neutral acceptor t
charged one.
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H5
e2

4peoe~0! F1

2 (
k

Acc

(
k8Þk

Acc
~12nk!~12nk8!

ur k2r k8u

2(
k

Acc

(
i

Don
12nk

ur i2r ku
1

1

2 (
i

Don

(
j Þ i

Don
1

ur i2r j uG ~4!

nK is an occupation number of acceptork, wherenk51(nk
50) indicates the acceptor to be neutral~charged!. The first
~third! term describes the repulsive interaction between
acceptors~donors!, if and only if both are charged. The se
ond term gives the attractive interaction between char
acceptors and donors. In a partially compensated semi
ductor described by Eq.~4!, each electron located at an im
purity site i now exhibits an energy deviation« i from the
binding energy of an electron located at an isolated impur
This deviation is caused by the Coulomb potential of
other charged impurities and can be expressed as

« i5
e2

4peoe~0! F2(
lÞ i

Don
1

ur i2r l u
1(

kÞ i

Acc
12nk

ur i2r ku
G . ~5!

For lowest excitation densities in a photoluminescence
periment, the one-particle energies« i remain nearly un-
changed compared to the light-off situation as the numbe
charged impurities stays nearly constant.

Consider a donor acceptor pair with pair distancer i j and
an initial stateD1A2. By photoabsorption, the electron
the acceptor moves to the donor so that aDoAo state is
created. The photon energy being emitted due to the elec
transfer from donori to acceptorj taking into account all
Coulomb potentials can be calculated, if Shklovskii’s a
Efros’11 expression for the changeD i→ j of the total energyH
caused by the transition of one electron from donor site
donor sitej separated by a distancer i j , is utilized,

D i→ j5« j
Don2« i

Don2
e2

4peoe~0!r i j
, ~6!

where « j
Don and « i

Don have to be calculated in the unpe
turbed system before the transition of the electron. Equa
~6! remains valid for transitions of an electron between
acceptor and a donor, as far as the energy gap between d
and acceptor level is taken into account. First, we calcula
the energy changeDE of H due to a transition of an electro
from acceptor sitej to donor sitei. The change ofH can be
calculated for this processAj

2Di
1→Aj

0Di
0 according to Eq.

~6!

DE5D j→ i5« i
Don2« j

Akz2
e2

4peoe~0!r i j
. ~7!

For convenience, the principal energy difference (Egap
2ED2EA) between the undisturbed impurity levels of d
nor and acceptor has been omitted in Eq.~7!. Naturally, the
reverse processDi

0Aj
0→Di

1Aj
2 causes a change ofH by

2DE. If this change in energy2DE,0, the system be-
comes more tightly bound and the photon energy\v of the
DAP recombination process is increased by1DE, thus
amounting to
o

d
n-

.
l

x-

of

on

o

n
n
nor
d

\v5Egap2ED2EA1« i
Don2« j

Acc2
e2

4peoe~0!r i j
. ~8!

It should be mentioned thatDE contains the nearest
neighbor Coulomb term of the donor-acceptor pair as wel
the electrostatic contributions of all other charged impurit
in the crystal. Consequently, Eq.~8! is reduced to Eq.~2! if
the crystal would contain only one donorDi

1 and one accep-
tor Aj

2 . The same approach works when calculating the
combination energy for anD0A0 pair, which was initially a
D1A0 pair:

\v5Egap2ED2EA1« i
Don2« j

Acc . ~9!

The lack of the nearest-neighbor Coulomb term in Eq.~9! is,
at a first glance, somewhat surprising. However, this term
hidden in the one-particle energies« i as they have to be
calculated in the undisturbed system in the absence of li

The Monte Carlo simulation, using the formulas deriv
so far, consists of the following: A simulated zinc-blend
lattice L3 is randomly populated withNDL3 donors and
NAL3 acceptors. As mentioned above, for p-type crystals,
donors are initially positively charged. (NA2ND)L3 accep-
tors are neutral, the remainingNDL3 acceptors are negativel
charged. The positions of the charges are initially arbitra
A subsequent minimization of the total energy H yields
pseudoground state where all the one-particle states@Eq. ~5!#
are known. Each individual nearest-neighbor pairi in the
simulated crystal with pair separationr i and recombination
energyEi @Eqs. ~5!, ~8!, and ~9!# radiates with an intensity
I i(r i)

I i~r i !5 f e~r i !W~r i !, ~10!

wheref e(r i) is the steady-state fraction of neutral pairs w
pair separationr i . The line shapeI sum(E) of the zero-
phonon band of the DAP then consists of a superposition
all radiating nearest-neighbor pairs

I sum~E!dE5(
i

I i~r i ! ~11!

with i running over all pairs with recombination energy
@E,E1dE#.

Finally, the intensities of the LO-phonon replicask have
to be calculated with phonon coupling constants proportio
to sk taken directly from the experiment

I k~E!5I sum~E!sk . ~12!

The superposition of the replicas including the zero-phon
band yields

I ~E!;(
k50

`

I k~E1k3ELO!, ~13!

where terms withk.4 turn out to be negligible when com
pared to the experiment. Equation~13! can then be directly
compared to the experimental DAP line shapes of wea
compensated and weakly excited semiconductors.

Summarizing, the deviation of the analytical calculati
following Eq. ~3! from the Monte Carlo simulation presente
here, consists of two points: First, the continuous pair dis
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bution g(r )dr is replaced by a simulated zinc-blende latti
L3. Second, the recombination energy of each DAP proc
is calculated via Eqs.~5!, ~8!, and~9! and not via Eq.~2!. All
other features of the standard theory remain unchanged

IV. RESULTS AND DISCUSSIONS

A. Standard line shape analysis

In order to show the benefits and limits of the stand
line shape analysis, we calculated theoretical line shapes
lowing Eq. ~3!. The results were compared to the dono
acceptor-pair bands of the lightly doped and lo
compensated ZnSe:N sample A with@NA2ND#51.8
31017 cm23. A fit to an experimental spectrum obtained f
an excitation density of 2W/cm2 is depicted in Fig. 1. The
sample parameters and the parameters of the calculatio
displayed in Tables I and II, respectively. The experimen
line shape refers exclusively to electronic transitions fr
deep, nitrogen-related donors to shallow nitrogen accep
as has been confirmed by excitation-density dependent s
troscopy and selective pair luminescence~not shown!. The
excitation density was large enough as to minimize the nu
ber of charged impurities that makes the standard line sh

FIG. 1. Calculated photoluminescence of a lightly doped a
weakly compensated ZnSe:N sample with@NA2ND#51.8
31017 cm23 in the framework of the DAP standard theory@Eq.
~3!#. The experimental spectrum at 1.6 K was obtained under e
tation with 2W/cm2 at 430 nm.
ss

d
ol-
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are
l

rs,
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-
pe

analysis applicable. For even higher-excitation densities
competing DAP series appears as high-energy shoulder
the principal DAP series~not depicted!. This result indicates
that an effective transfer of electrons takes place from s
low donors to deep, nitrogen-related donors, however,
latter being saturated at higher-excitation densities. Bey
the saturation density, electron transitions from shallow
nors to shallow acceptors generate the second DAP se
The result of the theoretical calculation best matching
experimental line shape is depicted as a solid line in Fig
The agreement with the experiment is quite good on
high-energy side of the DAP bands. However, the broad
ing or smearing of the minima between the zero-phon
band and between the phonon replicas as apparent in
experimental spectra is not reproduced by the standard
proach@Eq. ~3!#.

The model parameters~Table II! used for the calculation
are in excellent agreement with those derived in our previ
work on time-resolved luminescence of ZnSe:N, where
full Thomas-Hopfield approach, including the ensemble
erage over different donor surroundings, was applied.13 We
found ED551.5 meV for the deep donor and an effecti
Bohr radius of 2.25 nm calculated utilizing the so-call
scaled effective-mass theory.14 This is essentially the sam
approach as mentioned by Ridley15 when treating core ef-
fects. It reads

aD/A5AED/A*

ED/A
3aD/A* , ~14!

where ED/A* , aD/A* are the energies and Bohr radii of th
donor and the acceptor obtained in the effective-mass
proximation, respectively~see Table II!. For the shallow ni-
trogen acceptor we used the well-established ionization
ergy of EA5110 meV~Ref. 16! yielding an effective Bohr
radius of 0.54 nm. The best fit is obtained if the concent
tion of the major impurity species is set to@NA#52.3
31017 cm23 resulting in @ND#50.531017 cm23 since
@NA2ND# is fixed to 1.831017 cm23 as obtained by CV
profiling. The line shape is further determined by the stea
state occupation numberf e(r ) of excited pairs, where the

d

i-
tions.
TABLE II. Parameters of the calculation in the standard model and of the Monte Carlo calcula
Binding energiesED

N551.5 meV, EA
N5110 meV. Effective Bohr radiiaD

N52.25 nm, aA
N50.54 nm are

calculated asaD/A
N 5AED/A* /ED/A

N 3aD/A* using effective mass valuesaA* 50.46 nm, aD* 53.22 nm, ED*
525.2 meV, andEA* 5151 meV. Recombination rate~deep N-donor to shallow N-acceptor! W053
3108 s21. Static dieelectric constante(0)58.88. Phonon-coupling parameterssk : Sample A, Fig. 1:s0

51, s150.73, s250.30, s350.1. Sample A, Fig. 3:s051, s150.68, s250.25, s350.07. Samples B,C,
and D:s051, s150.72, s250.28, s350.08.

Sample NA@cm23# ND@cm23# ga@m22s21# Calculation type

A, Fig. 1 2.331017 5.331022 Standard

A, curve ‘‘0.5’’ Fig. 3 2.331017 0.531017 531020 Monte Carlo

B, Fig. 4 6.931017 1.331017 531021 Monte Carlo

C, Fig. 4 6.931017 2.231017 531020 Monte Carlo

D, Fig. 4 6.931017 3.331017 531020 Monte Carlo
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only free parameter is the ratioWo /(ga) with recombination
constantWo , generation rate of photocarriersg anda being
the prefactor of the capture cross sections(r )5a3r 2 for
photoneutralization as derived by Thomaset al.2

The theoretical line shape is sensitive to the binding
ergies of donor and acceptor as they determine the ma
tude of the Coulomb term. Further, it is sensitive to the wa
function size of the more loosely bound particle and
Wo /(ga). It is much less sensitive to moderate changes
the major impurity concentration. The line shape is qu
robust against changes of the wave function size of the m
tightly bound hole at the acceptor. Thus, a determination
the acceptor binding energy in ZnSe:N can be perform
even if details of the wave function of the acceptor are om
ted.

In conclusion, we showed that the standard approach a
Eq. ~3! works well, if the doping concentration and the co
centration of charged impurities due to compensation are
enough. The latter can be achieved by using sufficiently h
excitation densities further minimizing the charge densit
by photoneutralization. We further showed agreement to
previous work on the time-resolved luminescence of don
acceptor pair bands: Both the time-resolved and the ti
integrated luminescence can be described using the sam
of parameters for the impurity binding energies and Bo
radii. However, when looking into the details~low-energy
tails of the bands in the regime between the LO bands! the
standard procedure turned out to be of still not satisfy
quality at any excitation density.

B. Monte Carlo simulations

In this section, the luminescence line shapes of don
acceptor bands in the limit of lowest excitation densities
investigated. The influences of the charged impurities in p
tially compensated samples not being photoneutrali
should broaden the line shape. These broadening effects
be calculated and the concentration of the charged impur
will be estimated.

Once the details of the impurities involved such as bin
ing energies and effective Bohr radii are known, there are
principle, three independent parameters left that may
changed in a Monte Carlo approach to calculate the var
of different line shapes that are experimentally observ
Two of these are the donor and acceptor concentrati
however, being interdependent if the carrier concentratio
known from, e.g., ECV profiling. Furthermore, the excitati
level expressed byWo /(ga) can be varied. However, als
W0 was not freely set in the present calculations but has b
independently determined for our ZnSe:N samples thro
the analysis of time-resolved DAP decay, which we alrea
performed in Ref. 13. Thus, for knownNA2ND and prede-
terminedW0, the fit is restricted to a variation of the param
eterND . This restriction makes the model quite valuable
the experimental results are nicely met, as will be sho
below.

Figure 2 displays the influence of the internal elect
fields on the recombination energies of nearest-neigh
donor-acceptor pairs in a simulated zinc-blende lattice w
@NA#52.331017 cm23 and @ND#50.531017 cm23 and
containing 100 donors. A minimization of the total energyH
-
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of the system@Eq. ~4!# has been carried out with respect
one-particle transitions, and the one-particle energies« i @Eq.
~5!# were calculated. Each point in Fig. 2 represents one
of separationr with a Coulomb term of the radiative recom
bination calculated with Eqs.~8! and ~9! ~for convenience,
the energy gap between donor and acceptor level is se
zero!. The calculated points scatter around a curve display
the standard-theory Coulomb terme2/(4peoe(0)r ). For this
curve, the electrostatic potential of all charged impuriti
except that of the nearest neighbor is omitted.

The data thus gained can be used to calculate the D
line shape via Eq.~13!. Each nearest-neighbor pair with pa
separationr i and recombination energyEi @Eqs.~8! and~9!#
radiates with an intensityf e(r i)W(r i) @Eq. ~10!#. These in-
dividual emission lines are superimposed and the pho
replicas are calculated@Eq. ~12!#. To improve the signal-to-
noise ratio of the Monte Carlo simulation, the procedure w
repeated with several hundred different simulated latticesL3,
and the average of the simulated luminescence bands
taken.

The results of the Monte Carlo simulation applied
sample A are displayed in Fig. 3. The experimental li
shape of the DAP band has been obtained at a very l
excitation density of 5 mW/cm2 thus minimizing the effects
of neutralization of charged impurities and of screening
the charges via photocarriers, and is given as dotted cu
repeated behind each fit curve to allow for easy comparis
For the fits, the same parameters were used as for the
dard analysis, except for the donor and acceptor concen
tions ND and NA . @NA2ND#51.831017 cm23 as derived
from ECV profiling and the model excitation density e
pressed byga were kept constant~see Table II!. For a very
low-donor concentration of@ND#50.131017 cm23, the
Monte Carlo simulation reproduces the standard line sh
~not shown in Fig. 3!, provided the same parameters are us
for both calculations. With increasing donor concentrati
and all other parameters held constant, the line shape
tained in the simulation broadens and the band peaks
slightly to higher energies. For@ND#50.531017 cm23, a
perfect agreement between the experimental line shape
the simulation is achieved. For further increasing donor c
centration, the simulated line shape becomes broader
the experimental line shape. The whole development cle

FIG. 2. Calculated Coulomb energy~dots! of the DAP recom-
bination in p ZnSe@e(0)58.88# with NA52.331017 cm23 and a
compensation ratioK5ND /NA50.33. The curve represents th
Coulomb energy in the standard model for the limiting caseK
→0.
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indicates the sensitivity of the model calculations to chan
in the number of donors and thus to the number of char
impurities.

We would like to emphasize, that this line shape calcu
tion of donor-acceptor pair bands is fully describing the e
perimental spectra. Moreover, our Monte Carlo appro
contains no arbitrary broadening mechanism. The result
the calculations show that even very low compensation w
several 1016 cm23 donors is capable of producing a distin
broadening effect. A further benefit of this approach is
precise determination of the concentration of the compen
ing donors, if additional information concerning the fre
carrier concentration@NA2ND# is available from, e.g., ECV
profiling.

We further simulated the photoluminescence of codo
ZnSe:N:Cl samples~sample B, C, D, see Tables I and II an
Fig. 4! that provide a precise control over the amount
incorporated shallow chlorine donors.17 However, the
samples contain an unknown quantity of deep and sha
nitrogen-related donors unintentionally builtin during the
tendedN acceptor doping procedure. The experimental
sults for the photoluminescence spectra at 2 K and low-
excitation density are compared to the calculations in Fig
labeled B–D according to the sample notations. For comp
son, the luminescence and the best matching Monte C
simulation of sample A are displayed in Fig. 4 and labeled
too. Although the samples B–D contain a considera
amount
of shallow chlorine donors with a binding energy

FIG. 3. Comparison of different Monte Carlo simulations~solid
curves! with one experimental spectrum of a lightly doped sam
~dotted line! excited with 5 mW/cm2 at l5441.56 nm. For the
simulations, the experimentally determined value of@NA2ND#
51.831017 cm23 is kept fixed while the donor concentrationND

is varied as labeled in the figure in units of 1017 cm23. All other
parameters of the simulations are identical.
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26 . . . 28 meV,16 there is no experimental evidence for
second DAP series involving transitions from shallow ch
rine donors to shallow nitrogen acceptors. We concluded
efficient relaxation channels between shallow and deep
nors and included exclusively the deep DAP series in
calculations. The shallow donors act only as chargedD1

centers that do not become photoneutralized.
The DAP series of sample B is shifted to higher energ

and broadened compared to that of sample A. The dop
level of sample B was higher than that of A, so we conclud
that the amount of deep donors should likewise be enhan
For trial concentrations of@ND#51.331017 cm23 being
the sum of @ND

N#51.031017 cm23 and @ND
Cl#50.3

31017 cm23, together with @NA#56.931017 cm23, we
achieved a very good correspondence between simula
and experiment.18

While all other growth parameters were kept constant,
increased the amount of incorporated chlorine to@ND

Cl#
51.231017 cm23 ~sample C!. The DAP luminescence o
sample C is strongly broadened and slightly redshifted co
pared to A and B being well explainable by the assumpt
of potential fluctuations. With all parameters except t
model excitation density and the donor concentration be
fixed to the values of simulation B, we again calculated
line shape based on the Monte Carlo simulations. Howe
the correspondence to the experiment is less satisfactor
the theoretical line shape is less broadened and redsh
than the experimental one. The same is found for sampl
where@ND

Cl#52.331017 cm23 chlorine donors are incorpo
rated. The experimental line shape is strongly broadened
shifted by more than 60 meV to lower energy with respec
the photoluminescence~PL! of fairly uncompensated

FIG. 4. Comparison of the photoluminescence~dotted curves! of
different ZnSe:N—and codoped ZnSe:N:Cl—samples to theoret
line shapes derived from Monte Carlo simulations~solid curves!.
The details of doping and of the electrical properties of the sam
A to D are displayed in Table I.
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samples like sample A. For the model calculation D we u
the same set of parameters as for simulation C except fo
donor concentration that was set to@ND#53.331017 cm23.
The strong deviations between model and experiment
obvious but not surprising. As has been pointed out by
already,9 the luminescence of strongly compensated a
highly doped semiconductors can only be successfully ca
lated if relaxation of the photogenerated carriers in
warped band structure in the presence of potential fluc
tions is included. The applicability of the model developed
the present paper is therefore restricted to low degree
compensation where relaxation between the excited p
does not play an important role.

The mechanisms of the relaxation are only partially u
derstood, because the approach of Ba¨umeet al.9 is restricted
to relaxation between excited pairs thus neglecting ot
mechanisms as the intraband relaxation between photoge
ated carriers. This leads to an imperfect agreement betw
the simulation and the experimental data. However, at
compensation the approach presented here is more pr
and reliable than any earlier treatment. Furthermore, the
termination of the concentration of the minor impurity sp
ev
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cies is of special interest in the case of low compensat
which can now be rather exactly determined at uniquely l
limits.

V. CONCLUSIONS

We presented the first calculations of the line shape
donor-acceptor pairs in partially compensated semicond
tors fully including the influence of charged impurities on t
recombination energies. The simulations neglect other bro
ening effects such as the strain broadening or inhomo
neous doping level and defect concentration. However,
proved that the Coulomb broadening including the elect
static interaction of the charged-impurity environment of t
DA pairs is by far the dominant mechanism. The Mon
Carlo approach was shown to work excellently for low
compensation ratios in p type ZnSe:N and codop
ZnSe:N:Cl. The amount of compensating donors could
precisely estimated with a limit as low as several 1016 cm23

and with an accuracy of several 1016 cm23. For high com-
pensation ratios, the model presented here fails since th
laxation of carriers in the warped band structure has b
neglected.
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