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Probing the electron–LO-phonon interaction of a single impurity state in a semiconductor
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The photoluminescence of single emission centers in the energy range of donor-acceptor pair transitions is
studied in ZnSe by spatially resolved imaging spectroscopy at the diffraction limit. Addressing single impurity
states, the electron–LO-phonon interaction is probed locally and a microscopic Huang-Rhys parameter be-
tweenS50.08 and 0.51 is found, related to a variation of the homogeneous linewidth between 1 meV and 15
meV. Based on our results the donor-acceptor pair model is reconsidered in the limit of large variation of the
pair energiesD(EA1ED).\vLO .
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Optical addressing of single, light-emitting states is
challenge for high-resolution spectroscopy. In semicond
tors, emission from single, quasi zero-dimensional excit
is studied, e.g., in nanocrystals or self-assembled, epitax
grown islands,1–6 whereas less attention is paid to impuritie
Spectroscopy of single impurities, however, would open
way to study such fundamental phenomena as coher
time, LO-phonon coupling strength, or changes of ene
states in external fields for an individual, discrete-level s
tem in a semiconductor. An interesting example is the don
acceptor pair~DAP! band, an intrinsically inhomogeneous
broadened system that is presently only described with
spect to its ensemble properties. Since the energy of the
tical transition and the polarity of the wave function overl
depend on the different next-neighbor distances between
nors and acceptors as well as on the different types of im
rities involved, the spectrum of the individual pair transitio
should be distinctly different from the ensemble average
particular, the Huang-Rhys parameterSas a measure for th
electron–LO-phonon coupling strength becomes a mic
scopic parameter and reflects the corresponding electron-
distances. A way to adjust the wave function overlap of el
trons and holes, if possible, could have implications for o
timizing and controlling optical transition linewidths, i.e., c
herence times.

In this Brief Report we report on the observation of
spatially varying electron–LO-phonon coupling streng
found for impurities in the energy range of the dono
acceptor pair transitions in ZnSe. We will show that the va
ous impurity states can be spectroscopically distinguis
not only by their energies but also by a microscopic Hua
Rhys parameterS. The smallest observed values ofS;0.08
suggest that coupling to the lattice environment can beco
small and decoherence can be suppressed for selected i
rity states. Additionally, we found impurity states of th
same energy but with differentS as well as impurity states
separated by just the energy of one LO phonon. Althou
these impurity states are all in the DAP energy range,
standard DAP model cannot be used to explain the phot
minescence~PL! spectrum of all defects observed.
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The sample under study is a nominally undoped Zn
layer (d51 mm! homoepitaxially grown on a ZnSe
substrate.7 For an overview, we discuss first in Fig. 1 th
spatially integrated, i.e., macroscopic, photoluminescen
The spectrum is dominated by a strong signal due to
emission of free~FE’s! and weakly bound excitons~BE’s! at
;2.8 eV and by a strong luminescence band at 2.6 eVY
line! which is ascribed to radiative recombination of excito
localized at extended structural defects such
dislocations.8–11 Around E52.706 eV we observe a wea
emission at the energy expected for a donor-acceptor
band and its LO-phonon replica (\vLO531 meV!. The cor-
responding donor and acceptor energies areED526 meV
and EA'80– 100 meV~for a review of DAP energies, se
Refs. 8,9,11–16!.

Here we consider the donor-acceptor pair system a
model for a varying overlap of the electron and hole wa
functions. TheR dependence of the Huang-Rhys parame
S(R) can be calculated by a quantum defect model dev
oped in Ref. 17. It has been recently applied to DAP’s
ZnSe in Ref. 18 and is illustrated in the inset of Fig. 1. In th
model, the envelopeFe,h(r ) of the electron~hole! ground
state bound to an impurity is given by

FIG. 1. PL spectra of a 1mm ZnSe epilayer for nonresonan
excitation at 3.5 eV by a HeCd laser. The inset shows the theo
ical S(R) dependence after Ref. 18 forED530 meV andEA580
meV ~1! and 65 meV~2!.
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Fe,h~r !5Ne,h,nr n21exp~2r /na* !, ~1!

where a* is the effective Bohr radius of the defect sta
Ne,h,n a normalization factor, andn the quantum defect pa
rameter withn25Ei

R/EA,D . EA,D are the experimentally ob
served ionization energies of donor and acceptor andEi

R is
the ionization energy of the hydrogenlike impurity.S(R) can
be calculated according to

S~R!5
e2

p\vLO
S 1

e`
2

1

es
D F E

0

`

@ ure~q!u21urh~q!u2#dq

2E
0

`

re~q!rh~q!
sin~qR!

qR
dqG , ~2!

wheree` andes are the high-frequency and static dielect
constants.17–19re,h(q) is the Fourier transform of the charg
density calculated with the wave functionsFe,h(r ) from Eq.
~1!. In the inset of Fig. 1, the theoretical curve ofS(R) is
plotted for two examples: a hydrogenlike donor ofED530
meV and a nonhydrogenlike, shallow acceptor having an
ergy betweenEA580 meV and 65 meV, i.e., similar to th
energy range of the observed impurity transitions. The th
retical estimate shows that a variation in the pair dista
between 2 and 20 nm would result in a change of the mic
scopicSbetween;0.1 and;0.5. The experimental value o
Scan be obtained from the intensityI of the zero-phonon line
and the j th LO-phonon sidebands and obeys the equa
I j5(Sj / j !)exp(2S).15 Fitting the line shape of the spatiall
integrated PL spectrum of Fig. 1, we obtain an averaged,
macroscopic, value ofS50.44 which would correspond to
an average DAP distance aroundR510 nm in the frame-
work of the standard donor-acceptor pair model.

In order to implement the variation ofS, we have to solve
the experimental problem of optically detecting the emiss
centers individually or, at least, to average over a mu
smaller number of impurity states in comparison with t
macroscopic PL spectrum. The method used here is pho
minescence imaging at the diffraction limit for a sample w
very low impurity concentration. The exciting light of
HeCd laser is focused into a 100mm spot on the sample. By
means of a microscope objective with high numerical ap
ture ~0.4!, the light emitted by the sample, which is held in
microscope cryostat, is spectrally resolved by a 0.46 m sp
trometer and imaged on the nitrogen-cooled, tw
dimensional~2D! array of a charged-coupled device~CCD!.
Since the imaging spectrometer provides a correction
spherical and chromatic aberrations along both the lat
and vertical beam profiles, the whole area of the dete
(10243256 channels! can be used. The experimental set
provides a spatial dispersion of 0.5mm/pixel and a spectra
dispersion of 0.15 nm/pixel. The left part of Fig. 2 shows
PL image measured atT56 K. Emitting species of high
concentrations, such as free and weakly bound exciton
E52.8 eV, cannot be spatially resolved and result in a
mogeneously distributed signal intensity over the whole
tection area of the CCD. The emission aroundE52.6 eV is
imaged as a spotty pattern because of the lower conce
tion of the Y defects. Each line is accompanied by its LO
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phonon replica. Between the energy of FE emission and
theY defect, several bright, single spots appear in the ene
range expected for the donor-acceptor pair transitions. In
right part of Fig. 2, the intensity distribution across the CC
is plotted for selected energy cuts. The minimum full wid
at half maximum~FWHM! measured for the sharpest pea
is 1.5 pixels. By reading out the spectra for each chan
separately, we are thus able to measure the local PL si
from a 750 nm spot on the sample. As can be seen in Fig
the very low impurity concentration allows us to detect sp
tially well-separated, single bright spots due to impur
emission. Within the energy range of the donor-acceptor p
transitions considered here, we expect additional recomb
tion centers formed by impurity complexes, involving, e.
vacancies or other structural defects. Since we are stud
nominally undoped samples, the concentration of accep
can be lower than the donor concentration, resulting in
spatial ‘‘dilution’’ of the DAP recombination centers.

The problem of varying the pair distanceR we solve by
controlling the average population of donors and accept
i.e., the average number of donors and acceptors avail
for a pair transition. A suitable parameter to influence t
meanR of the ensemble is the temperature. A slight increa
in temperature starting from 6 K via 11 K up to 20 K results
in an increase of neutral donors and acceptors, e.g., due
increase in the diffusion lengths of free electrons and ho
or due to the release of weakly bound excitons from don
or acceptors. For temperaturesT.60 K, the increasing dif-
fusion into the substrate with considerably higher impur
concentration results in an upper limit for our spatial reso
tion, and for even higher temperatures again in a meas
ment of an averaged Huang-Rhys parameter.

In Fig. 3 the change in the PL image is shown when
temperature is gradually increased~see also Fig. 2 forT56
K!. The CCD array~left part! shows the change in impurity
concentration, which is eqivalent to a variation of the av
age pair distanceR. Whereas up toT511 K the spotty pat-
tern is still preserved and single emission centers can stil
resolved, we observe forT560 K an almost homogeneousl
illuminated CCD image around 2.7 eV~high density of
DAP’s, only limited spatial resolution of single pairs!. For
both temperatures, a few exemplary spectra of selected C

FIG. 2. Left: 2D photoluminescence image~logarithmic gray
scale! detected by the 10243256 array of a cooled CCD camera
Above an energyE.2.65 eV~white line!, the intensity is scaled by
a factor of 10 to enhance the weak signal of single emission cen
Right: Signal per channel plotted for selected energies of~a! 2.606
eV, ~b! 2.68 eV, and~c! 2.795 eV;T56 K.
5-2



3

-
n
s
e

-
en
to

ir

th

r

ed
ll
h

g,
ion

ior

h-

he

in
la-
il-

es
w-

ed
the

on

eak
in

all
d
le,
ctra
cen-
pa-
ity

ed,
ith

4
e
e
is

O-
tral
the

to
ep-
n

he

er
te

nd

u

lo
of
n

BRIEF REPORTS PHYSICAL REVIEW B 63 073205
channels~bright spots! are plotted on the right part of Fig.
together with the fitted Huang-Rhys parameterS. Comparing
the results forT560 K andT511 K, S has the clear ten
dency of becoming smaller for higher DAP concentratio
~small values ofR) because of the increase of impuritie
available for a DAP transition at higher temperatures. Sp
tra measured at 20 K and 40 K~not shown here! also follow
this trend. A further decrease inS for even higher tempera
tures T.80 K is limited because the PL spectrum is th
dominated by the free-to-bound transition of the accep
state, which is found at an energy of 2.703 eV.

Figure 4 summarizes the observed variation inS in the
temperature rangeT>11 K for emission centers having the
energy in the range of DAP transitions. In Fig. 4~a! examples
are given for the highest and lowest values ofSobserved~the
PL intensity has been normalized to the maximum of

FIG. 3. Left: 2D PL image atT511 K ~upper! and 60 K~lower!
showing the decrease in spatial resolution with increasing temp
ture. Right: PL spectra of DAP transitions measured for selec
CCD channels. The corresponding Huang-Rhys parameterS is
given on the right.

FIG. 4. ~a! Normalized PL spectra at different channels a
temperatures illustrating the observed variation ofS. From top to
bottom: channels 64 and 192 are measured atT511 K with S
50.51 and 0.44, respectively, channels 172 and 145 are meas
at T560 K giving S50.32 and 0.30.~b! PL spectra from different
spots on the sample measured at highest spatial resolution and
est temperatureT,11 K showing the coexistence of two types
emission centers of the same energy but with high and low Hua
Rhys parametersS.
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zero-phonon line!. The determined Huang-Rhys parameteS
changes from 0.51 at 11 K~which corresponds from Fig. 1 to
R between 10 nm and 20 nm! to S50.3 atT560 K. Here we
observe the unusual behavior ofa decreasing electron–LO-
phonon coupling with increasing temperature, which is,
however, in agreement with the DAP model discuss
above. Because the low value ofS corresponds to a sma
DAP distance ofR around 5 nm and therefore to a very hig
average DAP concentration, we indeed detect atT560 K
partly signals arising from the substrate with higher dopin
in agreement with the observed loss in spatial resolut
shown in Fig. 3.

In the final part of the paper we will address the behav
observed at the lowest temperaturesT<6 K. Assuming fur-
ther the validity of the DAP model, we should find the hig
est values for the Huang-Rhys parameterS because of the
lowest DAP concentration and thus largest values ofR ~see
Fig. 1!. The estimated average distanceR is expected to be-
come distinctly larger than the excitonic Bohr radius of t
free exciton in ZnSe (aB

ex54.5 nm!. It will be shown in the
following that our results at the lowest temperatures are
disagreement with the DAP model and an alternative exp
nation based on localized excitons will be proposed. As
lustrated in Fig. 4~b!, we observe for the lowest temperatur
an unexpected feature, which we will discuss in the follo
ing in more detail.

At T56 K a second type of emission center is observ
with transition energies in the same spectral range as
DAP energies but with a very different electron–LO-phon
coupling strength. As shown in Fig. 4~b!, this peak is some-
times visible as a superposition of a broad and narrow p
structure atT511 K and dominates the emission at certa
sample spots at the lowest temperatures ofT56 K. Signifi-
cant for the second type of emission center a very sm
linewidth and a very lowS;0.2, in contrast to the expecte
value ofS>0.5 according to the DAP model. These sing
bright spots can clearly be spatially resolved and the spe
can be measured very accurately for the single emission
ters. A statistical analysis of energies and Huang-Rhys
rameters was performed for about 40 individual impur
states all emitting atT56 K in the energy range of the DAP
transition~Fig. 5!. Whereas the inhomogeneously broaden
spatially integrated spectrum shows a typical DAP band w
a FWHM of 14.8 meV and a Huang-Rhys factor ofS'0.4,
the homogeneous linewidth of a single peak is only 1 to
meV, as the spectra~b! and~c! demonstrate in Fig. 5, and th
microscopicS is in disagreement with the predictions of th
DAP model. An accumulation of peaks around 2.68 eV
found, which by chance coincide with the energy of the L
phonon replica of the 2.71 eV emission. Thus the spec
analysis and statistics of single transitions reveal that in
spatially integrated spectra studied until nowa much stron-
ger intensity of the LO-phonon replica was inferred due
the superposition of low-energy peaks and LO-phonon r
licas of high-energy peaks. This result demonstrates that i
the limit of large variation in the pair energiesD(EA1ED)
.\vLO the traditional DAP model cannot be used to fit t
ensemble PL.
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BRIEF REPORTS PHYSICAL REVIEW B 63 073205
The very small values ofS between 0.08 and 0.23~see
inset of Fig. 5! measured at the lowest temperatures a
indicating a weak coupling to LO phonons can be explain
in two ways:~i! only the pairs closest in distanceR contrib-
ute to the emission and we observe three types of DAP
volving different acceptors with transition energies cente
around 2.680 eV, 2.697 eV, and 2.708 eV, or~ii ! we no
longer observe DAP transitions butexcitonsbound to single,
deep defect potentials. Since the hypothesis~i! would corre-
spond to values ofR,2 nm, which is considerably smalle

FIG. 5. ~a! Spatially integrated, averaged PL band in the ene
range of DAP transitions and its LO-phonon replica~macroscopic
S'0.4) and representative, normalized single-channel spectra
different energies~b! and~c!. The inset shows the statistics obtain
for the microscopicS at T56 K.
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ex in ZnSe and would imply a huge impurity conce

tration where the individual emission sites are no longer s
tially resolvable, in contrast to our experiment, we prefer~ii !
to explain the observed small values ofS. This assumption is
supported by experimental data reported for excitons lo
ized, e.g., in single, nanometer-sized epitaxially grown Cd
islands.5 There, the Huang-Rhys parameter for a thre
dimensionally confined exciton is determined asS50.04 and
explained by a decrease in polarity of the excitonic wa
function because of quantum confinement. Generaliz
when a local potential exists that is strong enough to loca
electronsandholes within a volume below the bulk excitoni
Bohr radiusaB

ex, the Huang-Rhys parameter becomes sm
Summarizing, experimental evidence for a spatially va

ing electron–LO-phonon coupling has been obtained. T
variation of the microscopicS indicates that the homoge
neous linewidth is not an unchangeable parameter but ca
manipulated whenever an engineering of the polarity of
electron-hole pair wave function succeeds. Considering
large differences in the published data for homogeneous l
widths in the case of localized electron-hole pairs in se
conductor nanostructures, an optimization of the sam
growth and structure that excludes any trapping of electr
or holes separately, or internal electric fields or large diff
ences in dielectric constants might result in such an engin
ing of the wave function overlap and thus in optimizing
coherence times.
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