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The role of potential fluctuations in continuous-wave donor–acceptor
pair luminescence of heavily doped materials
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It has recently become apparent that ‘‘standard’’~low-concentration and low-compensation! theory
for donor–acceptor pair~DAP! photoluminescence~PL! is totally incapable of explaining results in
highly doped and compensated material. It can be noted that such material is often of high
technological interest. It has been argued, mainly qualitatively, that the discrepancies result from
potential fluctuations due to random ionic charges. We here present aquantitativetheory for cw
DAP PL, using an approximate model. We also present data for the concentration and intensity
dependence of DAP PL in heavily doped ZnSe:N, and show that the results are explained very
satisfactorily by our fluctuation model. ©1999 American Institute of Physics.
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Wide-band-gap semiconductors are presently of high
terest for various device applications, which require go
doping in bothn and p material. Historically, it has been
difficult to obtain this and, when obtained, such materi
have often been highly compensated~see, e.g., Ref. 1!.

Photoluminescence~PL! has been extensively used
characterize wide-gap materials, since it is convenient, n
destructive, and can be quite informative. However, althou
PL is generally quite well understood in low-dope
materials,2 it is becoming increasingly apparent that heav
doped and compensated materials contain potential fluc
tions, which strongly affect the PL.3

We shall here focus on donor–acceptor pair~DAP! PL,
where cw spectra have been routinely used to obtain do
and/or acceptor energies in the lightly doped case.2 However,
for the highly doped materials of current interest, the
bands are strongly shifted toward the red, as well as be
strongly broadened~see, e.g., Refs. 4 and 5 for ZnSe, Refs
and 7 for GaAs, and Ref. 8 for GaN! with these effects
increasing with doping.9 A simple qualitative explanation fo
such phenomena is given by the fluctuation model as
lows. Here, the redshift is due to the recombination betw
the electrons localized in the ‘‘valleys’’ and the holes loc
ized in the ‘‘hills’’ ~see, e.g., Fig. 3 of Ref. 5!. The broaden-
ing results from the wide range of photon emission energ
which are made possible by the potential fluctuations. F
thermore, higher doping levels and/or compensation g
stronger fluctuations. More detailed, but still qualitative, d
cussions can be found elsewhere.4–9

In the present letter we show that quantitative, analy
results can be obtained relatively simply by use of an
proximate model, in which the Fermi level of the majori
dopant remains essentially constant. We note that the
other quantitative analysis of such PL is an attempt
Monte Carlo simulations,10 where band broadening wa
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achieved mainly by adding phonon replicas~LO! to the spec-
trum. However, the estimated magnitude of t
fluctuations4,9 is usually larger than the energy of the L
phonon, so that phonon replicas should be washed ou
fluctuations.

Following our earlier treatment,3 the energy of the emit-
ted photon (hn) of the DAP PL in the presence of potenti
fluctuations of energyU11 is

hn5EG2~EA1ED!1 e2/«R1U@w#, ~1!

whereU is the so-called fluctuation term~given in Ref. 3!, R
is the pair separation, and the remaining notation
standard.3 Following Ref. 3 we also useE5hn2EG1EA

1ED as an emission energy, instead ofhn. It is very impor-
tant to realize that whilehn is always positive,E can be
either positive or negative, depending on the magnitude an
a sign of the fluctuation energy term in Eq.~1!.

In the random fluctuating potential only donors with le
els below, and acceptors with levels above, the correspo
ing quasi-Fermi levelsmD andmA ~i.e., neutral impuritiesNA

0

andND
0 ) will contribute to the luminescence. Moreover,mA

andmD will depend on the excitation intensity.
The quantitative treatment of this problem becomes re

tively simple if the quasi-Fermi level of the majority dopa
~which we take asmA) is not appreciably changed by th
excitation from the Fermi level in the dark. This will b
fulfilled for (NA

0)photogenerated!(NA
0)dark @note that (ND

0 )dark

50], which holds forNA@ND and for low excitation inten-
sities;NA andND are the concentrations of acceptors and
compensating donors.12 Now, only mD will change under
excitation.

In general, the experimentally observed PL intensity
determined by the concentrations of neutral impurities,
the probability of radiative transitions,W(R), and by the
quasi-Fermi levels (mD , in the present approximation!. The
latter must be obtained self-consistently as a function of
disorder13 ~the magnitude of the fluctuations! and the excita-
3 © 1999 American Institute of Physics
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tion intensity. Then, the luminescence intensityI E(g) per
unit energy at an energyE as a function of excitation inten
sity g @s21 cm23# can be written

I E~g!54pNANDE
0

`

dRR2P~R!W~R!

3^d~E2 ~e2/«R! 1e@w~r1R!2w~r !# !

3Q~mD2ew~r !!&$w% , ~2!

where W(R)5W0 exp@22R/RB# (RB is the Bohr radius of
the shallower impurity; see, e.g., Ref. 14!, P(R) is a prob-
ability distribution function for the interimpurity separatio
R ~e.g., Refs. 15–19!, a d function selects a specific photo
energy,3 ^•••&$w% means the functional average over t
fluctuations,3,20 and ND

0 5ND^U(m02ew(r ))&$w%, whereU
is theU function.21

For P(R) we use the nearest-available-neighbor~NAN!
model,17–19

P~R!5@11~4p/3!1~NA2ND!R3#21 .

If we introduce the quantum efficiency of excitation,g
,1, then the number of emitted photons will be equal togg.
Furthermore, the integrated intensity~over all possible emis-
sion energies! also givesgg5*2`

` I E(g)dE, which allows us
to calculatemD as a function ofg ~note that, as has bee
pointed out above,E can be either positive or negative!:

g̃5 gg@4pNAND*0
`dRR2P~R!W~R!#21

5^Q~mD2ew~r !&$w% , ~3!

whereg̃ is a normalized excitation intensity. Here, the av
age of theQ function represents the fraction of donors whi
are neutral, i.e., those which are active in recombination p
cesses. Explicit averaging, as described elsewhere,3,20 gives

g̃5~1/2! @11erf~mDA«Rs/2e2Tg!#, ~4!

FIG. 1. Peak position dependence on normalized excitation intensity
samples A–C. Symbols are the experimental data and solid lines are
fitting according to Eq.~11!. The fitting parameters are:j54.85, h
50.066, ñ50.007, and e2/«Rs546 meV for sample A;j53.80, h
50.089, ñ50.003, ande2/«Rs557 meV for sample B; andj53.10, h
50.110,ñ50.001, ande2/«Rs569 meV for sample C.
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where erf@x# is the error function; we also introduced th
screening radiusRs and the freezing temperatureTg .3 It is
important to note that the screening radius itself must
calculated self-consistently. We are not aware of any uni
way to calculate this, but by use of the Debye–Hu¨ckell ap-
proach one can show that it is a reasonable approximatio
relateRs to Tg as ~see, e.g., Ref. 20 and references there!
Rs

25«Tg/8pe2(ND2ND
0 ).21 Then one can obtain

Rs
25«Tg@4pe2ND@12erf~mDA«Rs/2e2Tg!##21 . ~5!

This equation together with Eq.~6! allows one to obtainmD ,
self-consistently, as a function of the normalized intens
by solving the following transcendental equation:

g̃5 ~1/2! $11erf@mD~«3@32NDe6Tg~12g̃!#1!1/4#%. ~6!

We now specialize to the case of low excitations,g̃!1. First,
this means thatg̃ in the denominator of Eq.~6! can be ne-
glected. Second, as previously stated, we requireg small
enough so that (NA

0)photogenerated!(NA
0)dark. As a third re-

quirement,ND
0 !ND ; this also means~see above! that, as

long asg̃ remains small, changes inRs with excitation are
negligible. Thus, all changes in the spectral position can
predominantly attributed to the movement ofmD toward the
conduction band. Simplifying further, by using the first ter
in the asymptotic series for a function 11erf@z# with z,1
@sinceg̃!1, it follows from Eq.~6!, thatmDA«Rs/2e2Tg is a
relatively large negative number#, we get

g̃52 exp~2m̃2!/~2Apm̃! , ~7!

wherem̃5mDA«Rs/2e2Tg. Further,m̃ in the denominator of
Eq. ~9! can be replaced, over a fairly wide range of the qua
Fermi level, by some average valuem̃ave, since the exponen
in the numerator is changing much faster thanm̃21. Then,
we obtain thecentral equationof our theory:

mD52A2 2e2Tg ln ĝ/«Rs, ~8!

where we introduced a renormalized excitation intensityĝ
522Apg̃m̃ave.

Now we can obtain an expression for the PL intensity
performing explicit averaging in Eq.~3!:

I E~ ĝ!5 4NANDW0Rs
3/Ap

3A «Rs

e2Tg
E

0

`

du
u5/2

Au211exp@2u#
P~u!

3expF2ju2h
~Ẽu21!2

u~u211exp@2u# !
G

3H 12erfFA22 ln ĝu1Ah~Ẽu21!

Au~u112exp@2u# !
G J , ~9!

with P(u)5 1@11ñj3u3/6#21 . We have introduced3 a di-
mensionless energyẼ5«RsE/e2, as well as the parameter
j52Rs /RB , h5e2/(4Tg«Rs), and ñ5 p(NA2ND)RB

3 .
Equation~9! gives the spectrum of the zero-phonon line
DAP PL in the presence of fluctuations as a function of e
citation intensity for the case of relatively low intensities a
NA.ND .
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For comparison to the theory, we have taken data
three different nitrogen-doped ZnSe samples, all grown
der conditions giving heavy doping—samplesA–C ~see
Table I!, grown with increasing rf power of the nitroge
source, which leads to higher compensation23–25 and thus
stronger fluctuations. We note that the values ofNA2ND for
these samples could not be detected viaC–V profiling,22 i.e.,
they were all highly resistive due to high compensation~note
that the values ofNA2ND still can be relatively large while
the concentration of free carriers is too low to give obse
able currents12!. The cw DAP spectra of these samples a
shown in Ref. 25. This also discusses the results in term
Eq. ~8!, which gives very satisfactory qualitative agreeme

Here we checked quantitative26 agreement of the pea
shift versus excitation intensity. Figure 1 shows the pe
positions as a function of normalized excitation intensi
The observed shifts are 48, 53, and 75 meV for samples
B, and C, respectively. These large shifts, as well as t
increase for samples with larger fluctuations, can be
plained by our model, as follows. With increasing pumpin
the quasi-Fermi level would move closer to the band edg
according to Eq.~8!, giving a blueshifted PL. Furthermore
the change in the position of the quasi-Fermi level is@see Eq.
~8!# DmD}A2e2Tg /«Rs and would be larger for sample
with larger fluctuations, sinceRs is now smaller. Thus, one
expects that relative changes in the peak position are la
for samples with larger fluctuations.26

We also present in Fig. 1 the fit obtained with the use
Eq. ~9!—solid lines. In all cases, we used 2.667 eV f
(EG2EA2ED), which corresponds toEG52.822 eV, EA

50.110 eV,27 andED50.045 eV.28 We note that all param
eter values used in the fit, as well as their progression fr
sample A to sample C, are reasonable. In particular, note
e2/«Rs , which can be regarded as a measure of the stre
of the fluctuations, increases steadily from A to C, in li
with the rf power used for growth~see Fig. 1 caption!. Fur-
thermore, the values ofe2/«Rs are in excellent agreemen
with photoluminescence excitation data.9

In conclusion, we presented a theoretical study of
DAP PL in heavily doped semiconductors, together with d
on the concentration and intensity dependence of this PL
several such ZnSe:N samples. The theory, based on the
tuation model, gives an excellent agreement with the exp
mental data, and in particular, explains quantitatively
blueshift with increasing excitation, as well as the increas
this blueshift with increasing compensation.

Support for this work from DOE~Grant No. DE-FG02-
98ER45694! for two of the authors~I.K. and G.F.N.! and
NRC ~Grant No. CU01637301! for one of the authors
~V.N.B.! is gratefully acknowledged. The authors also wou
like to thank Philips Research for providing the samples.

TABLE I. Samples characteristics.

Sample rf Power, W @N#, 1019 cm23 DAP Peak Position, eV

A 180 ••• 2.660
B 280 ••• 2.626
C 300 2 2.528
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