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Calculation of the Coulomb broadening of donor-acceptor pair emission
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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 sevef8l &® 3. However, for high-compensation ratios, the
model fails because relaxation between the excited donor-acceptor pairs is neglected.

I. INTRODUCTION sated ZnSe was given in our previous workowever, re-
laxation of the photogenerated carriers had to be assumed
Donor-acceptor paifDAP) bands have been widely used therein in order to explain the magnitude of the redshift of
for more than three decades in order to characterize dopdhie experimental DAP line shape. Recently, an analytical
and partially compensated semiconductors. Extensive the@pproach for heavily doped and compensated ZnSe:N was
retical work has been done in the pioneering papers of ThoPresented by Kuskovskst al.*® _ _
mas, Hopfield, Augustyniak, and later Colbow.The broad The purpose of the present paper is to develop a simple
pair bands were explained in terms of radiative recombinaf-"md reliable Monte Carlo calculation of the DAP Ilnelshape
tion of electrons trapped on donors with holes trapped od!! moderately doped and weakly compensated semiconduc-

acceptors. The dominant broadening mechanism of the ban Lsp?t Iov;—excnat;onl (:_ensmes.ngr thg veryh first ;ume, ha
is the Coulomb interaction of nearest-neighbor donor- In€ shape calculation, purely based on physical mecha-

acceptor pairs. Further broadening mechanisms are related s, well-established to oceur in th? fe.'e"a”t matenals,
honon interaction. This theoretical approach is known a erfectly reproduces theiexperlme.ntal findings. _No arbitrary
b ' . roadening needs to be included in the calculations.

the DAP standard theory. However, even in the most pro-

. . The paper is organized as follows: After a short descrip-
2
found work of Thomast al“ some arbitrary broadening ef- 0 ¢ the experimental techniquéSec. 1), the standard

fect on the DAP line shape is included in the line shapepap approach is briefly reviewed in the theoretical Sec. Il
calculations. The physical reasons for that additional broadre jnfluence of charged impurities is then included follow-
ening effect are manifold. The authors of Ref. 2 mentloneding the work of Shklovskii and Efro¥. Subsequently, the
e.g., phonon interaction and the Coulomb interaction ofyionte Carlo approach is presented. The standard line shape
charged impurities surrounding the radiating DA pairs.  analysis of ZnSe:NSec. IV A) is then compared to the more
The broadening effect due to charged impurities was calpowerful Monte Carlo approactSec. IV B. The Monte
culated by Breitenstein and Unger assuming a Gaussian lin€arlo approach is further verified by the investigation of in-
shape of each individual pair lifeTheir work was thus ca- tentionally codoped ZnSe:N:Cl. Finally, the Monte Carlo ap-
pable of explaining why discrete pair spectra are hardly obproach is shown to fail for high-compensation ratios due to
servable in compensated semiconductors. More recently, thtee relaxation of carriers in the warped band structure in the
benefits and limits of the DAP standard theory have beempresence of potential fluctuations.
investigated in the field of the Group-11-VI semiconductdrs,
which are of technological interest since more than a decade. Il EXPERIMENTAL DETAILS
For weakly compensated samples, the DAP standard theory
holds and allows for the determination of, e.g., binding en- The ZnSe:N and ZnSe:N:Cl samples were grown in a
ergies and recombination rates of the impurities involvediwin chamber molecular-beam epitaxy system EPI 930. Ni-
For more strongly compensated samples, this theory is ndtogen doping was performed using a rf plasma source.
capable of describing the considerably broadened and rehile sample A was exclusively nitrogen doped, samples
shifted luminescence banfi$ In Refs. 6-8, a qualitative B-—D were codoped using the rf source and, additionally, a
explanation of the experimental observations is given takingZnCl, cell. The amount of incorporated chlorine donors was
into account the influence of charged impurities on the recontrolled by the temperature of the ZnSe:Cl effusion cell
combination energies. A first approach in terms of a Monte(see Table ). Details of the sample preparation prior to
Carlo calculation of the DAP line shape in strongly compen-growth are published elsewhefeThe carrier concentration

0163-1829/2000/62.2)/80237)/$15.00 PRB 62 8023 ©2000 The American Physical Society



8024 P. BAUME, M. BEHRINGER, J. GUTOWSKI, AND D. HOMMEL PRB 62

TABLE I. Sample parameters. Samples B,C, and D were grown under identical conditions except for the
temperature of the Zngleffusion cell.

Sample Doping  Ka—Np)[ecm 3] Nglem 3] Excitation conditions
A N 1.8x 10" 2 W/cn? at 430 nm(Figs. 1
5 mWi/cnt at 441.6 nm(Figs. 3 and 4
B N,Cl not measurable 0:310"7 1 mWi/cn? at 441.6 nm
C N,Cl 4.7 10" 1.2x10Y 1 mWicn? at 441.6 nm
D N,Cl not measurable 2:310Y 1 mW/cn? at 441.6 nm

of sample C was characterized by an electrochemicalhe heavyside functio® cancels out contributions with a
capacitance-voltagéeCV) profiler. The donor and acceptor negative Coulomb term. EquatidB) can be directly used to
concentrations of sample B and D had to be estimated frorgalculate the line shape of the DAP emission for the purpose
the ECV measurement of sample C together with a calibraof comparison with the experiment. However, the calculation
tion of the chlorine doping using a ZnSe:Cl multilayer with js restricted to isolated, noninteracting DA pairs.

different ZnC} temperatures during growth. The photolumi-  pepending on the experimental conditions, improvements
nescence spectra were recorded at 1.6 K with above-bangs gq. (3) can be made: For high densities of neutral impu-
gap excitation at 430 nm from a cw dye system or near-bandyjties which is the case for high doping and low compensa-

gap excitation at 441.56 nm from a Fl-éeCd IaserrT.? Theon, each pair is surrounded by a background of neutral
excitation power ranges from several mWrcta 2. W/ent. impurities of the majority dopant. The same is valid in more

strongly compensated samples at high-excitation densities,
where the major part of the charged impurities becomes
A. Line shape according to the standard DAP model neutralized via light-induced carriers. The background of

For lightly p-doped and weakly compensated Semicon_neutral impurities generates additional recombination chan-

ductors with acceptor and donor concentatisandNo, - w2l 15 P00 SROEL O BOCRER T A O e
respectively, the DAP standard theory was developed b y y

Thomaset al,2 Colbow? and was later applied by Bene )écterisgics of the_ time-resolv_ed Iuminescencg of the pair
et al® In the latter work, the intensity of transitions from ban_dsl. The validity of E‘J-(3) is therefore restricted to the
neutral donors to neutral acceptors separated by a pair didminescence bands of lightly doped and low-compensated
tancer is given as samples.

Ill. THEORY

L (r)dr~Nag(r)drfo(r)W(r)oy. (1) B. Influence of charged impurities

Here, I ,(r) represents the line shape of the DAP emission It IS Well known that even in ZnSe made sucessfully p
under the simultaneous creationloEO phononsg(r)dris ~ YPe: 9., by the meanwhile established nitrogen doping
the pair distribution functionf.(r) the steady-state fraction Methods, a considerable number of donors is builtin, leading
of neutral DA pairs\W(r) the recombination rate, ang the {0 @ particular compensation. AssurNg the concentration
probability for the creation ok LO phonons with energy ©f doped-in acceptors arfdp <N, that of compensating do-
E_o. The relation between pair separatioand the energy Nors. Without light illumination, all donor electrons will
E of an emitted photon reads have recombined into acceptors so that all donors are
charged, N;=Np. Likewise, N;=Np acceptors are
charged whileN,—Np acceptors remain neutral. For the
E.— concentration of charged impurities being sufficiently large,
C Ameqe(0)r’ i.e., the compensation ratio being sufficiently high, each DA
2 pair will be surrounded by a background of charged impuri-
ties and Eq/(2) is no longer valid for the photon energy of
The relation between Coulomb teffiz and pair separation  the DAP recombination. We modelled the charged surround-
can be used to express the emitted intenisity a function of  ings of DA pairs by a Monte Carlo simulation method: Fol-
the photon energ§ lowing Shklovskii and Efros! we calculated the lowest
. total-energy state called pseudo-ground-state of a compen-
sated p-type crystal with donor and acceptor concentrations
|(E)N|ZO I {[E—(Egap— Ep—En) +kXEo] Np, Na. The total energy H is minimized with respect to all
possible transfers of a hole from a neutral acceptor to a
XO[E—(Egap— Ep—En) +kXE|o]. (3)  charged one.

e2

E= Egap_ ED_EA+ Ec_kx ELO;
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e? Acc Acc 2

1 nk)(l_nk’) Don__ _Acc__ e
T KA K ho=Ey,—Ep—Epte " "—¢! —. (8
" 4meqe(0) 2 kz#k re=ril s J Ameoe(0)ry
Acc Don Don Do It should be mentioned thalE contains the nearest-
_2 2 1- E 2 2 ) neighbor Coulomb term of the donor-acceptor pair as well as
T T -—rk| 249 = rni— J-| the electrostatic contributions of all other charged impurities

in the crystal. Consequently, E(B) is reduced to Eq(2) if

Ny is an occupation number of acceptorwheren,=1(n,  the crystal would contain only one donbt” and one accep-
=0) indicates the acceptor to be neutethargeq. The first  tor A; . The same approach works when calculating the re-
(third) term describes the repulsive interaction between two:ombmanon energy for aB®A° pair, which was initially a
acceptorgdonors, if and only if both are charged. The sec- D*A° pair:

ond term gives the attractive interaction between charged

acceptors and donors. In a partially compensated semicon- fio=Egap—Ep—Ep+ SPOH—«?,ACC- 9
ductor described by Ed4), each electron located at an im-
purity sitei now exhibits an energy deviatiosy from the
binding energy of an electron located at an isolated impurity
This deviation is caused by the Coulomb potential of all
other charged impurities and can be expressed as

The lack of the nearest-neighbor Coulomb term in @qis,

at a first glance, somewhat surprising. However, this term is

hidden in the one-particle energies as they have to be

calculated in the undisturbed system in the absence of light.
The Monte Carlo simulation, using the formulas derived

so far, consists of the following: A simulated zinc-blende

e B 1 N 1-ny (5 lattice L3 is randomly populated wittNpL3 donors and

Amese(0)| & ri—n| &ilri—rd | N,L23 acceptors. As mentioned above, for p-type crystals, all

donors are initially positively chargedNg—Np)L® accep-

For lowest excitation densities in a photoluminescence extors are neutral, the remainimdp L acceptors are negatively

periment, the one-particle energies remain nearly un- charged. The positions of the charges are initially arbitrary.

changed compared to the light-off situation as the number oA subsequent minimization of the total energy H vyields a

charged impurities stays nearly constant. pseudoground state where all the one-particle sf&es5)]
Consider a donor acceptor pair with pair distangeand  are known. Each individual nearest-neighbor pain the

an initial stateD *A~. By photoabsorption, the electron at simulated crystal with pair separation and recombination

the acceptor moves to the donor so thaD3A° state is  energyE; [Egs.(5), (8), and(9)] radiates with an intensity

created. The photon energy being emitted due to the electran(r;)

transfer from donoti to acceptorj taking into account all

Coulomb potentials can be calculated, if Shklovskii's and Li(ri)=fe(r)W(ry), (10

11 H
Efros™ expression for the changs._,; of the total energyd wheref(r;) is the steady-state fraction of neutral pairs with

caused by the transition of one electron from donor site i to . .
donor sitej separated by a distaneg, is utilized, pair separationr;. The line shapels,,{E) of the zero-

phonon band of the DAP then consists of a superposition of
5 all radiating nearest-neighbor pairs

(6)

2 Don Acc

Ei=

A .=8I_Don_8!30n_ e

= J ! 47T€06(0)rij '
|l sund E)YAE= 2 1i(r)) (1)

where eP°" and &°" have to be calculated in the unper- '

turbed system before the transition of the electron. Equatiowith i running over all pairs with recombination energy in

(6) remains valid for transitions of an electron between arf E,E+dE].

acceptor and a donor, as far as the energy gap between donorFinally, the intensities of the LO-phonon replicefave

and acceptor level is taken into account. First, we calculatetb be calculated with phonon coupling constants proportional

the energy chang&E of H due to a transition of an electron to oy taken directly from the experiment

from acceptor sitg¢ to donor sitei. The change oH can be

calculated for this proces&; D;"—APD according to Eq. I(E)=lsun(E) ok (12
®) The superposition of the replicas including the zero-phonon
) band yields
Don Akz__ e
AE:AJHiZSi 8] m (7) o
: I(E)~ >, I(E+kXE_o), (13
k=0

For convenience, the principal energy differencgy,

—Ep—E,) between the undisturbed impurity levels of do- where terms wittk>4 turn out to be negligible when com-
nor and acceptor has been omitted in EQ). Naturally, the  pared to the experiment. Equati¢td) can then be directly
reverse proces@iOA?—>Di+ A; causes a change o¢f by compared to the experimental DAP line shapes of weakly
—AE. If this change in energy- AE<O0, the system be- compensated and weakly excited semiconductors.

comes more tightly bound and the photon enefigy of the Summarizing, the deviation of the analytical calculation
DAP recombination process is increased WAE, thus  following Eg. (3) from the Monte Carlo simulation presented
amounting to here, consists of two points: First, the continuous pair distri-
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—— Calculation
Sample A

analysis applicable. For even higher-excitation densities, a
competing DAP series appears as high-energy shoulders of
the principal DAP seriegnot depictedl This result indicates
that an effective transfer of electrons takes place from shal-
low donors to deep, nitrogen-related donors, however, the
latter being saturated at higher-excitation densities. Beyond
the saturation density, electron transitions from shallow do-
nors to shallow acceptors generate the second DAP series.
S The result of the theoretical calculation best matching the
2725 experimental line shape is depicted as a solid line in Fig. 1.
The agreement with the experiment is quite good on the
high-energy side of the DAP bands. However, the broaden-
FIG. 1. Calculated photoluminescence of a lightly doped andng or smearing of the minima between the zero-phonon
weakly compensated ZnSe:N sample withN,—Np]=1.8 band and between the phonon replicas as apparent in the
X 10" cm 2 in the framework of the DAP standard thediff]q.  experimental spectra is not reproduced by the standard ap-
(3)]. The experimental spectrum at 1.6 K was obtained under exciproach[Eg. (3)].
tation with 2W/cnf at 430 nm. The model parametei@able 1) used for the calculation
are in excellent agreement with those derived in our previous
butiong(r)dr is replaced by a simulated zinc-blende lattice\work on time-resolved luminescence of ZnSe:N, where the
L®. Second, the recombination energy of each DAP procesg| Thomas-Hopfield approach, including the ensemble av-
is calculated via Eqg5), (8), and(9) and not via Eq(2). Al erage over different donor surroundings, was appfiedie
other features of the standard theory remain unchanged. found E;=51.5 meV for the deep donor and an effective
Bohr radius of 2.25 nm calculated utilizing the so-called
scaled effective-mass theol§/This is essentially the same
approach as mentioned by Ridféywhen treating core ef-
fects. It reads
In order to show the benefits and limits of the standard
line shape analysis, we calculated theoretical line shapes fol- DAL
lowing Eq. (3). The results were compared to the donor- ap/a= "\ B 2DIA" (14)
acceptor-pair bands of the lightly doped and Ilow-
compensated ZnSe:N sample A WwithN,—Np]=1.8 whereEf,s, ap,, are the energies and Bohr radii of the
x 1017 cm~2. A fit to an experimental spectrum obtained for donor and the acceptor obtained in the effective-mass ap-
an excitation density of 2W/cfis depicted in Fig. 1. The proximation, respectivelysee Table Ii. For the shallow ni-
sample parameters and the parameters of the calculation df@gen acceptor we used the well-established ionization en-
displayed in Tables | and II, respectively. The experimentaergy of E,=110 meV(Ref. 16 yielding an effective Bohr
line shape refers exclusively to electronic transitions fromradius of 0.54 nm. The best fit is obtained if the concentra-
deep, nitrogen-related donors to shallow nitrogen acceptorgion of the major impurity species is set {dN,]=2.3
as has been confirmed by excitation-density dependent spex-10*" cm™3 resulting in [Np]=0.5x10" cm™3 since
troscopy and selective pair luminescericet shown. The  [Na—Np] is fixed to 1.8<10'” cm 3 as obtained by CV
excitation density was large enough as to minimize the numprofiling. The line shape is further determined by the steady-
ber of charged impurities that makes the standard line shapgate occupation numbdi(r) of excited pairs, where the

Intensity (arb. units)

T T
2.625 2.675

Energy (eV)

IV. RESULTS AND DISCUSSIONS

A. Standard line shape analysis

TABLE Il. Parameters of the calculation in the standard model and of the Monte Carlo calculations.
Binding energiesEN=51.5 meV,EN=110 meV. Effective Bohr radia}=2.25 nm,a\=0.54 nm are
calculated asa,,=VEE,J/EN Axa%,, using effective mass valuess=0.46 nm, a5=3.22 nm, E3
=25.2 meV, andEX=151 meV. Recombination ratédeep N-donor to shallow N-acceptoW,=3
x10® s 1. Static dieelectric constart{0)=8.88. Phonon-coupling parameterg: Sample A, Fig. Loy
=1, 0,=0.73,0,=0.30, 03=0.1. Sample A, Fig. 3vp=1, 0,=0.68,0,=0.25,03=0.07. Samples B,C,
and D:og=1, 0,=0.72,0,=0.28, 03=0.08.

Sample Nacm 3] Np[em ™3] ya[m2s71] Calculation type
A, Fig. 1 2.3x10Y 5.3x 1072 Standard

A, curve “0.5” Fig. 3 2.3x 10" 0.5x 10" 5% 10%° Monte Carlo
B, Fig. 4 6.9x 10" 1.3x 10" 5x 107 Monte Carlo
C, Fig. 4 6.9< 10" 2.2x10" 5% 10%° Monte Carlo
D, Fig. 4 6.9< 10V 3.3x 10" 5% 107 Monte Carlo
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only free parameter is the rat/, /(ya) with recombination I I A B L LI B

constantW, , generation rate of photocarrieysand « being . F > N,=2.3x10"cm® |

the prefactor of the capture cross sectiofr)=aXxr? for E 15 . N_=05x10"em?

photoneutralization as derived by Thonetsal? 5 F oo e P .
The theoretical line shape is sensitive to the binding en- 3 - °

ergies of donor and acceptor as they determine the magni- s T

tude of the Coulomb term. Further, it is sensitive to the wave § R

function size of the more loosely bound particle and to & Sr

W, /(ya). It is much less sensitive to moderate changes of I

the major impurity concentration. The line shape is quite P O N B

robust against changes of the wave function size of the more 0 0.05 0.10 0.15

tightly bound hole at the acceptor. Thus, a determination of Coulomb term (eV)

the acceptor binding energy in ZnSe:N can be performed

even if details of the wave function of the acceptor are omit- FIG. 2. Calculated Coulomb energglots of the DAP recom-

ted. bination in p ZnSq €(0)=8.88] with N,=2.3x 10 cm % and a
In conclusion, we showed that the standard approach aftéempensation ratic =Np/N,=0.33. The curve represents the

Eq. (3) works well, if the doping concentration and the con- Coulomb energy in the standard model for the limiting c#se

centration of charged impurities due to compensation are low”0-

enough. The latter can be achieved by using sufficiently highyt the systen{Eq. (4)] has been carried out with respect to
excitation denS|_t|es_ further minimizing the charge dens't'e%ne-particle transitions, and the one-particle energjié¢&q.

by photoneutralization. We further showed agreement to OUf5)] were calculated. Each point in Fig. 2 represents one pair
previous work on the time-resolved luminescence of donoryt separatiorr with a Coulomb term of the radiative recom-
acceptor pair bands: Both the time-resolved and the timepination calculated with Eqg8) and (9) (for convenience,
integrated Iuminescenge can'be dgspribed using the same g5t energy gap between donor and acceptor level is set to
of parameters for the impurity binding energies and Bohrzerg. The calculated points scatter around a curve displaying
radii. However, when looking into the detailfow-energy  ihe standard-theory Coulomb teef (4me,e(0)r). For this
tails of the bands in the regime between the LO baithle ¢ \rve, the electrostatic potential of all charged impurities,
standard procedure turned out to be of still not satlsfylngexcept that of the nearest neighbor is omitted.

quality at any excitation density. The data thus gained can be used to calculate the DAP
line shape via Eq(13). Each nearest-neighbor pair with pair
separatiorr; and recombination enerdy, [Eqgs.(8) and(9)]
radiates with an intensity.(r;)W(r;) [Eq. (10)]. These in-

In this section, the luminescence line shapes of donoreividual emission lines are superimposed and the phonon
acceptor bands in the limit of lowest excitation densities araeplicas are calculateldEg. (12)]. To improve the signal-to-
investigated. The influences of the charged impurities in parnoise ratio of the Monte Carlo simulation, the procedure was
tially compensated samples not being photoneutralizedepeated with several hundred different simulated lattices
should broaden the line shape. These broadening effects wilind the average of the simulated luminescence bands was
be calculated and the concentration of the charged impuritiegken.
will be estimated. The results of the Monte Carlo simulation applied to

Once the details of the impurities involved such as bind-sample A are displayed in Fig. 3. The experimental line
ing energies and effective Bohr radii are known, there are, ishape of the DAP band has been obtained at a very low-
principle, three independent parameters left that may bexcitation density of 5 mW/chthus minimizing the effects
changed in a Monte Carlo approach to calculate the varietyf neutralization of charged impurities and of screening of
of different line shapes that are experimentally observedthe charges via photocarriers, and is given as dotted curves
Two of these are the donor and acceptor concentrationgepeated behind each fit curve to allow for easy comparison.
however, being interdependent if the carrier concentration ior the fits, the same parameters were used as for the stan-
known from, e.g., ECV profiling. Furthermore, the excitation dard analysis, except for the donor and acceptor concentra-
level expressed byV,/(ya) can be varied. However, also tions Ny andN,. [No—Np]=1.8x10" c¢cm™3 as derived
W, was not freely set in the present calculations but has beeflom ECV profiling and the model excitation density ex-
independently determined for our ZnSe:N samples throughressed byya were kept constarsee Table ). For a very
the analysis of time-resolved DAP decay, which we alreadyow-donor concentration of Np]=0.1xX10 cm 3, the
performed in Ref. 13. Thus, for knowl,—Np and prede- Monte Carlo simulation reproduces the standard line shape
terminedW,, the fit is restricted to a variation of the param- (not shown in Fig. 3 provided the same parameters are used
eterNp . This restriction makes the model quite valuable if for both calculations. With increasing donor concentration
the experimental results are nicely met, as will be showrand all other parameters held constant, the line shape ob-
below. tained in the simulation broadens and the band peaks shift

Figure 2 displays the influence of the internal electricslightly to higher energies. FdiNp]=0.5x10 cm 3, a
fields on the recombination energies of nearest-neighbgserfect agreement between the experimental line shape and
donor-acceptor pairs in a simulated zinc-blende lattice withthe simulation is achieved. For further increasing donor con-
[Na]=2.3x10" cm® and [Np]=0.5x10" cm 3 and centration, the simulated line shape becomes broader than
containing 100 donors. A minimization of the total enetdly the experimental line shape. The whole development clearly

B. Monte Carlo simulations
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—— Theory
Sample A - Experiment . Exp.
Theory
17 -3
ND[1O cm’) A
1.7 .
) 2z
2 =
5 =]
£ S
8 s
= =
2 )
£ <
T T ply v by by v by by
2.60 2.65 2.70 2.50 255 2.60 2.65 2.70
Energy (eV) Energy (eV)
FIG. 3. Comparison of different Monte Carlo simulatigsslid FIG. 4. Comparison of the photoluminescefidetted curvesof

curves with one experimental spectrum of a lightly doped sampledifferent ZnSe:N—and codoped ZnSe:N:Cl—samples to theoretical
(dotted ling excited with 5 mW/crh at A\=441.56 nm. For the line shapes derived from Monte Carlo simulatiasslid curves.
simulations, the experimentally determined value [&fy—Np] The details of doping and of the electrical properties of the samples
=1.8x10" cm? is kept fixed while the donor concentratidiy, A to D are displayed in Table I.

is varied as labeled in the figure in units of*1acm™3. All other

parameters of the simulations are identical.
26 ...28 meV® there is no experimental evidence for a
second DAP series involving transitions from shallow chlo-
gine donors to shallow nitrogen acceptors. We concluded on
in the number of donors and thus to the number of charge§cient relaxation channels between shallow and deep do-
nors and included exclusively the deep DAP series in our

impurities. - n
We would like to emphasize, that this line shape calculapaICUIaﬂonS' The shallow donors act only as charged

. ) ; I centers that do not become photoneutralized.
tion of donor-acceptor pair bands is fully describing the ex- The DAP series of sample B is shifted to higher energies

perimental spectra. Moreover, our Monte Carlo approachy,y proadened compared to that of sample A. The doping
contains no arbitrary broadening mechanism. The r(_asults. Q&vel of sample B was higher than that of A, so we concluded
the calculations show that even very low compensation Withhat the amount of deep donors should likewise be enhanced.
several 16f cm™3 donors is capable of producing a distinct For trial concentrations of Np]=1.3x 10" cm™2 being
broadening effect. A further benefit of this approach is thegne sum  of [NN]=1.0x10" cm™® and [N§'1=0.3
precise determination of the concentration of the compensatz 10!7 ¢cm~3, together with [N,]=6.9x10" cm 3, we
ing donors, if additional information concerning the free- achieved a very good correspondence between simulation
carrier concentratioNN,— Np] is available from, e.g., ECV  and experimerﬁg
profiling. While all other growth parameters were kept constant, we
We further simulated the photoluminescence of codopethcreased the amount of incorporated chlorine[ttbg']
ZnSe:N:Cl samplessample B, C, D, see Tables | and Il and =1.2x 10" c¢cm 2 (sample ¢. The DAP luminescence of
Fig. 4) that provide a precise control over the amount ofsample C is strongly broadened and slightly redshifted com-
incorporated shallow chlorine dondrs. However, the pared to A and B being well explainable by the assumption
samples contain an unknown quantity of deep and shallowf potential fluctuations. With all parameters except the
nitrogen-related donors unintentionally builtin during the in- model excitation density and the donor concentration being
tendedN acceptor doping procedure. The experimental refixed to the values of simulation B, we again calculated the
sults for the photoluminescence spectta2akK and low- line shape based on the Monte Carlo simulations. However,
excitation density are compared to the calculations in Fig. 4the correspondence to the experiment is less satisfactory as
labeled B—D according to the sample notations. For comparithe theoretical line shape is less broadened and redshifted
son, the luminescence and the best matching Monte Carlihnan the experimental one. The same is found for sample D
simulation of sample A are displayed in Fig. 4 and labeled A,where[NS']= 2.3x10Y cm 2 chlorine donors are incorpo-
too. Although the samples B—D contain a considerablaated. The experimental line shape is strongly broadened and
amount shifted by more than 60 meV to lower energy with respect to
of shallow chlorine donors with a binding energy of the photoluminescence(PL) of fairly uncompensated

indicates the sensitivity of the model calculations to change
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samples like sample A. For the model calculation D we usedies is of special interest in the case of low compensation,
the same set of parameters as for simulation C except for the@hich can now be rather exactly determined at uniquely low
donor concentration that was set[fdp]=3.3x 10" cm 3. limits.

The strong deviations between model and experiment are

obvious but not surprising. As has been pointed out by us V. CONCLUSIONS

already? the luminescence of strongly compensated and \we presented the first calculations of the line shape of
highly doped semiconductors can only be successfully calcudonor-acceptor pairs in partially compensated semiconduc-
lated if relaxation of the photogenerated carriers in thewors fully including the influence of charged impurities on the
warped band structure in the presence of potential fluctuarecombination energies. The simulations neglect other broad-
tions is included. The applicability of the model developed inening effects such as the strain broadening or inhomoge-
the present paper is therefore restricted to low degrees afeous doping level and defect concentration. However, we
compensation where relaxation between the excited pairgroved that the Coulomb broadening including the electro-
does not play an important role. static interaction of the charged-impurity environment of the
The mechanisms of the relaxation are only partially un-DA pairs is by far the dominant mechanism. The Monte
derstood, because the approach ofiBaet al® is restricted Carlo approach was shown to work excellently for low-
to relaxation between excited pairs thus neglecting othecompensation ratios in p type ZnSe:N and codoped
mechanisms as the intraband relaxation between photogenetnSe:N:Cl. The amount of compensating donors could be
ated carriers. This leads to an imperfect agreement betweenecisely estimated with a limit as low as several®16m 3
the simulation and the experimental data. However, at lonand with an accuracy of several0cm™3. For high com-
compensation the approach presented here is more precipensation ratios, the model presented here fails since the re-
and reliable than any earlier treatment. Furthermore, the ddaxation of carriers in the warped band structure has been
termination of the concentration of the minor impurity spe-neglected.
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