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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-
tweenS=0.08 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 energieA (Ep+Ep)>fw o -
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Optical addressing of single, light-emitting states is a The sample under study is a nominally undoped ZnSe
challenge for high-resolution spectroscopy. In semiconduclayer (d=1 um) homoepitaxially grown on a ZnSe
tors, emission from single, quasi zero-dimensional excitonsubstrate. For an overview, we discuss first in Fig. 1 the
is studied, e.g., in nanocrystals or self-assembled, epitaxiallgpatially integrated, i.e., macroscopic, photoluminescence.
grown islands;® whereas less attention is paid to impurities. The spectrum is dominated by a strong signal due to the
Spectroscopy of single impurities, however, would open theemission of fredFE’s) and weakly bound exciton8E’s) at
way to study such fundamental phenomena as coherence2.8 eV and by a strong luminescence band at 2.6 ¥V (
time, LO-phonon coupling strength, or changes of energyine) which is ascribed to radiative recombination of excitons
states in external fields for an individual, discrete-level sysiocalized at extended structural defects such as
tem in a semiconductor. An interesting example is the donoreislocation€=* Around E=2.706 eV we observe a weak
acceptor paifDAP) band, an intrinsically inhomogeneously emission at the energy expected for a donor-acceptor pair
broadened system that is presently only described with reband and its LO-phonon replic# {, =31 me\). The cor-
spect to its ensemble properties. Since the energy of the opesponding donor and acceptor energies Bge=26 meV
tical transition and the polarity of the wave function overlapand E,~80—100 meV(for a review of DAP energies, see
depend on the different next-neighbor distances between d&efs. 8,9,11-16
nors and acceptors as well as on the different types of impu- Here we consider the donor-acceptor pair system as a
rities involved, the spectrum of the individual pair transitionsmodel for a varying overlap of the electron and hole wave
should be distinctly different from the ensemble average. Irfunctions. TheR dependence of the Huang-Rhys parameter
particular, the Huang-Rhys paramegas a measure for the S(R) can be calculated by a quantum defect model devel-
electron—LO-phonon coupling strength becomes a microoped in Ref. 17. It has been recently applied to DAP’s in
SCOpiC parameter and reflects the Corresponding e|ectr0n_ho@se in Ref. 18 and is illustrated in the inset of Flg 1. In this
distances. A way to adjust the wave function overlap of elecinodel, the envelop&.n(r) of the electron(hole) ground
trons and holes, if possible, could have implications for op-Staté bound to an impurity is given by
timizing and controlling optical transition linewidths, i.e., co-
herence times. 06

In this Brief Report we report on the observation of a ZnSe ©
spatially varying electron—LO-phonon coupling strength T=15k @
found for impurities in the energy range of the donor-
acceptor pair transitions in ZnSe. We will show that the vari-
ous impurity states can be spectroscopically distinguished
not only by their energies but also by a microscopic Huang-
Rhys paramete8. The smallest observed values $F 0.08
suggest that coupling to the lattice environment can become
small and decoherence can be suppressed for selected impu- S . : 1 >
rity states. Additionally, we found impurity states of the 2.5 28 2.7 2.8

. . : . Energy (eV)
same energy but with differer® as well as impurity states
separated by just the energy of one LO phonon. Although F|G. 1. PL spectra of a um ZnSe epilayer for nonresonant
these impurity states are all in the DAP energy range, thexcitation at 3.5 eV by a HeCd laser. The inset shows the theoret-
standard DAP model cannot be used to explain the photollical S(R) dependence after Ref. 18 féi,=30 meV andE,=80
minescencéPL) spectrum of all defects observed. meV (1) and 65 meV(2).
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Fen(r)=Negp r* texp —r/va*), )

where a* is the effective Bohr radius of the defect state,
Ne ., @ normalization factor, and the quantum defect pa-
rameter withy?= EiR/EAYD. Eap are the experimentally ob-
served ionization energies of donor and acceptor Ea}?‘]ds
the ionization energy of the hydrogenlike impuri§(R) can

be calculated according to

e? ( 1 1)
S(R)= ———
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fo [pe(a)|?+[pn(a)|*1dg FIG. 2. Left: 2D photoluminescence imaglgarithmic gray
scalg detected by the 1024256 array of a cooled CCD camera.
Above an energ¥>2.65 eV (white ling), the intensity is scaled by

) (2 a factor of 10 to enhance the weak signal of single emission centers.
Right: Signal per channel plotted for selected energie®)o2.606

wheree, ande, are the high-frequency and static dielectric €V (P) 2.68 €V, andc) 2.795 eViT=6 K.
constants/~*°p, ,(q) is the Fourier transform of the charge
density calculated with the wave functioRg ,(r) from Egq.  phonon replica. Between the energy of FE emission and of
(1). In the inset of Fig. 1, the theoretical curve $fR) is  theY defect, several bright, single spots appear in the energy
plotted for two examples: a hydrogenlike donorE§=30  range expected for the donor-acceptor pair transitions. In the
meV and a nonhydrogenlike, shallow acceptor having an enright part of Fig. 2, the intensity distribution across the CCD
ergy betweerE,=80 meV and 65 meV, i.e., similar to the is plotted for selected energy cuts. The minimum full width
energy range of the observed impurity transitions. The theoat half maximum(FWHM) measured for the sharpest peaks
retical estimate shows that a variation in the pair distancgs 1.5 pixels. By reading out the spectra for each channel
between 2 and 20 nm would result in a change of the microseparately, we are thus able to measure the local PL signal
scopicSbetween~0.1 and~0.5. The experimental value of from a 750 nm spot on the sample. As can be seen in Fig. 2,
Scan be obtained from the intensitpf the zero-phonon line  the very low impurity concentration allows us to detect spa-
and thejth LO-phonon sidebands and obeys the equationially well-separated, single bright spots due to impurity
lj= (9] Nexp(—9).'° Fitting the line shape of the spatially emission. Within the energy range of the donor-acceptor pair
integrated PL spectrum of Fig. 1, we obtain an averaged, i.etransitions considered here, we expect additional recombina-
macroscopic, value 08=0.44 which would correspond to tion centers formed by impurity complexes, involving, e.g.,
an average DAP distance arouRd=10 nm in the frame- vacancies or other structural defects. Since we are studying
work of the standard donor-acceptor pair model. nominally undoped samples, the concentration of acceptors
In order to implement the variation & we have to solve can be lower than the donor concentration, resulting in a
the experimental problem of optically detecting the emissiorspatial “dilution” of the DAP recombination centers.
centers individually or, at least, to average over a much The problem of varying the pair distanéewe solve by
smaller number of impurity states in comparison with thecontrolling the average population of donors and acceptors,
macroscopic PL spectrum. The method used here is photolie., the average number of donors and acceptors available
minescence imaging at the diffraction limit for a sample withfor a pair transition. A suitable parameter to influence the
very low impurity concentration. The exciting light of a meanR of the ensembile is the temperature. A slight increase
HeCd laser is focused into a 1@0n spot on the sample. By in temperature starting fro 6 K via 11 K up to 20 K results
means of a microscope objective with high numerical aperin an increase of neutral donors and acceptors, e.g., due to an
ture (0.4), the light emitted by the sample, which is held in a increase in the diffusion lengths of free electrons and holes,
microscope cryostat, is spectrally resolved by a 0.46 m spe®r due to the release of weakly bound excitons from donors
trometer and imaged on the nitrogen-cooled, two-or acceptors. For temperatur€s-60 K, the increasing dif-
dimensional2D) array of a charged-coupled devi@@CD).  fusion into the substrate with considerably higher impurity
Since the imaging spectrometer provides a correction otoncentration results in an upper limit for our spatial resolu-
spherical and chromatic aberrations along both the lateralon, and for even higher temperatures again in a measure-
and vertical beam profiles, the whole area of the detectoment of an averaged Huang-Rhys parameter.
(1024x 256 channelscan be used. The experimental setup In Fig. 3 the change in the PL image is shown when the
provides a spatial dispersion of Oggn/pixel and a spectral temperature is gradually increaseste also Fig. 2 fof =6
dispersion of 0.15 nm/pixel. The left part of Fig. 2 shows aK). The CCD arrayleft par) shows the change in impurity
PL image measured ai=6 K. Emitting species of high concentration, which is eqgivalent to a variation of the aver-
concentrations, such as free and weakly bound excitons aige pair distanc® Whereas up td =11 K the spotty pat-
E=2.8 eV, cannot be spatially resolved and result in a hotern is still preserved and single emission centers can still be
mogeneously distributed signal intensity over the whole deresolved, we observe fdr=60 K an almost homogeneously
tection area of the CCD. The emission arolfd 2.6 eV is  illuminated CCD image around 2.7 eVhigh density of
imaged as a spotty pattern because of the lower concentr®AP’s, only limited spatial resolution of single pajird-or
tion of the Y defects. Each line is accompanied by its LO- both temperatures, a few exemplary spectra of selected CCD
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zero-phonon ling The determined Huang-Rhys parameser

200 ‘T}:\K/\i changes from 0.51 at 11 &vhich corresponds from Fig. 1 to
B 0.44 - R between 10 nm and 20 nrto S=0.3 atT=60 K. Here we
100 #178J\/\ﬂ§ ; observe the unusual behavior @fdecreasing electrorLO-
#* #158\_/\/\_&417_ @ phonon coupling with increasing temperaturevhich is,
© #78 _/\/\,&ﬂ 2 however, in agreement with the DAP model discussed
& — T T 7 - above. Because the low value Sfcorresponds to a small
S T=60K 5 DAP distance oR around 5 nm and therefore to a very high
200 #209‘/\_/\_&1‘ c average DAP concentration, we indeed detecT &t60 K
#172 039 g. partly signals ari;sing from the substrate'with higher dopir]g,
100 4104 = in agreement with the observed loss in spatial resolution
039 shown in Fig. 3.
#93 0.38 In the final part of the paper we will address the behavior
o 1 observed at the lowest temperatufies6 K. Assuming fur-
IEzﬁZargy (6358 2'6§ner§).17(gV) .78 ther the validity of the DAP model, we should find the high-

est values for the Huang-Rhys paramefebecause of the
FIG. 3. Left: 2D PL image aT =11 K (uppe) and 60 K(lower)  lowest DAP concentration and thus largest valueRgsee
showing the decrease in spatial resolution with increasing temperd=ig. 1). The estimated average distariRés expected to be-
ture. Right: PL spectra of DAP transitions measured for selecte¢ome distinctly larger than the excitonic Bohr radius of the
CCD channels. The corresponding Huang-Rhys param®t&  free exciton in ZnSedg'=4.5 nm. It will be shown in the
given on the right. following that our results at the lowest temperatures are in
disagreement with the DAP model and an alternative expla-
channeldg(bright spot$ are plotted on the right part of Fig. 3 nation based on localized excitons will be proposed. As il-
together with the fitted Huang-Rhys parameeComparing  |ustrated in Fig. &), we observe for the lowest temperatures
the results forT=60 K andT=11 K, S has the clear ten- an unexpected feature, which we will discuss in the follow-
dency of becoming smaller for higher DAP concentrationsing in more detail.
(small values ofR) because of the increase of impurities At T=6 K a second type of emission center is observed
available for a DAP transition at higher temperatures. Specyith transition energies in the same spectral range as the
tra measured at 20 K and 40 (Kot shown hergalso follow  pAPp energies but with a very different electron—LO-phonon
this trend. A further decrease Bifor even higher tempera- coupling strength. As shown in Fig(B), this peak is some-
turesT>80 K is limited because the PL spectrum is thentimes visible as a superposition of a broad and narrow peak
dominated by the free-to-bound transition of the acceptoktrycture aff=11 K and dominates the emission at certain
state, which is found at an energy of 2.703 eV. sample spots at the lowest temperature3 sf6 K. Signifi-
Figure 4 summarizes the observed variationSiin the  cant for the second type of emission center a very small
temperature rangé=11 K for emission centers having their |inewidth and a very lows~0.2, in contrast to the expected
energy in the range of DAP transitions. In Figayexamples  ygjye 0of S=0.5 according to the DAP model. These single,
are given for the highest and lowest valuesSabservedthe  pright spots can clearly be spatially resolved and the spectra
PL intensity has been normalized to the maximum of the;an he measured very accurately for the single emission cen-
ters. A statistical analysis of energies and Huang-Rhys pa-
7064 [ rameters was performed for about 40 individual impurity
L #4192 a) S<0.51 b) states all emitting af =6 K in the energy range of the DAP
| #172 [ T - transition(Fig. 5). Whereas the inhomogeneously broadened,
| #145 i spatially integrated spectrum shows a typical DAP band with
R a FWHM of 14.8 meV and a Huang-Rhys factor & 0.4,
the homogeneous linewidth of a single peak is only 1 to 4
| S=0.19 meV, as the spectriéd) and(c) demonstrate in Fig. 5, and the
. . e LS ~— microscopicSis in disagreement with the predictions of the
2.68 2.72 2.68 272 DAP model. An accumulation of peaks around 2.68 eV is
Energy (V) Energy (eV) found, which by chance coincide with the energy of the LO-
FIG. 4. (a) Normalized PL spectra at different channels and phO”OF‘ replica o_f the 2'7; ev emlsglpn. Thus the sp_ectral
temperatures illustrating the observed variationSofFrrom top to analy3|s gnd statistics of single _tranS|t|Qns reveal that in the
bottom: channels 64 and 192 are measuredatll K with s Spatially integrated spectra studied until nawnuch stron-
=0.51 and 0.44, respectively, channels 172 and 145 are measuré§" INtensity Of the LO-phonon replica was inferred due to
at T=60 K giving S=0.32 and 0.30(b) PL spectra from different the superposition of low-energy peaks and LO-phonon rep-
spots on the sample measured at highest spatial resolution and loficas of high-energy peak§his result demonstrates that in
est temperaturd <11 K showing the coexistence of two types of the limit of large variation in the pair energiés(E,+ Ep)
emission centers of the same energy but with high and low Huang™>% w| o the traditional DAP model cannot be used to fit the
Rhys parameterS. ensemble PL.
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. thanag” in ZnSe and would imply a huge impurity concen-

[ T tration where the individual emission sites are no longer spa-
01} : vl tially resolvable, in contrast to our experiment, we préfer

T to explain the observed small values®fThis assumption is

supported by experimental data reported for excitons local-
ized, e.g., in single, nanometer-sized epitaxially grown CdSe
islands® There, the Huang-Rhys parameter for a three-
dimensionally confined exciton is determinedSzs0.04 and
_ explained by a decrease in polarity of the excitonic wave
P !\ ' (b) function because of quantum confinement. Generalizing,
when a local potential exists that is strong enough to localize
electronsandholes within a volume below the bulk excitonic
(c) Bohr radiusag’, the Huang-Rhys parameter becomes small.

Summarizing, experimental evidence for a spatially vary-
ing electron—LO-phonon coupling has been obtained. The
variation of the microscopi& indicates that the homoge-

FIG. 5. (a) Spatially integrated, averaged PL band in the energyneous linewidth is not an unchangeable parameter but can be
range of DAP transitions and its LO-phonon repligaacroscopic  manipulated whenever an engineering of the polarity of the
$~0.4) and representative, normalized single-channel spectra faslectron-hole pair wave function succeeds. Considering the
different energiesb) and(c). The inset shows the statistics obtained |arge differences in the published data for homogeneous line-
for the microscopicSat T=6 K. widths in the case of localized electron-hole pairs in semi-

conductor nanostructures, an optimization of the sample

~ The very small values o6 between 0.08 and 0.2&ee  growth and structure that excludes any trapping of electrons
inset of Fig. 5 measured at the lowest temperatures andy poles separately, or internal electric fields or large differ-
indicating a weak coupling to LO phonons can be explainedynces in dielectric constants might result in such an engineer-

in two ways:(i) only the pairs closest in distanéecontrib-  ing of the wave function overlap and thus in optimizing of
ute to the emission and we observe three types of DAP inggherence times.

volving different acceptors with transition energies centered

around 2.680 eV, 2.697 eV, and 2.708 eV, (d) we no Financial support by the Volkswagen Foundation within
longer observe DAP transitions bexcitonsbound to single, the Photonics Program and by the Ministerium Rildung
deep defect potentials. Since the hypothéisvould corre- und Wissenschaft des Landes Nordrhein-Westfalen is grate-
spond to values o0R<2 nm, which is considerably smaller fully acknowledged.
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