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Photoluminescence from excitons bound to a triple acceptor, Ge:Cu
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We report the first observation of a triple-acceptor bound exciton, revealed in the photolumines-
cence spectrum of Cu-doped Ge, and verified by a two-hole replica series having the known Cu
ionization energy. High-resolution photoluminescence reveals a finely split doublet independent of
Cu isotopic species. This is an unexpected result, since present models of both the triple acceptor
and its bound exciton predict that neither ground state should have any fine structure.

Substitutional group-IIIA impurities in silicon and ger-
manium form single acceptors and effective-mass theory
has been extremely successful in describing their electron-
ic levels.! It is also well known that group-II substitution-
al impurities in germanium form double acceptors, exam-
ples being Ge:Zn, Ge:Hg, Ge:Be, and Ge:Mg."? The pri-
mary difference between the electronic levels of single and
double acceptors lies in the nature of the ground states. It
was found that the double-acceptor ground state could be
described by combining two antisymmetric single-ac-
ceptor ground states in a manner similar to the central-
field approximation of atomic physics.> Each hole is
treated as moving in the field of the negative core and in
the average potential arising from interactions with the
other hole. These hole-hole interactions result in observ-
able splittings in the double-acceptor ground states,
whereas the excited states remain well described by
single-hole excitations. By further extending this simple
picture of the electronic character of impurities in a
group-IV semiconductor to substitutional group-I impuri-
ties, one expects that these should be triple acceptors and
could also, under certain circumstances, be described by
the central-field approximation.

Copper in germanium, in addition to being an impor-
tant material for midinfrared (MIR) detectors, has lon
been considered to be the prototypical triple acceptor.*~
The binding energies of its odd-parity excited states are
extremely close to those of single acceptors,® leading in-
vestigators to model its ground state using the methods
outlined above. While this approach has met with some
success, the electronic properties of the copper triple ac-
ceptor are still not well understood. Until now the optical
spectroscopy of this center has been limited to MIR ab-
sorption studies of the electronic transitions from the ac-
ceptor ground state to the odd-parity excited states.® ™% A
complementary method of studying the ground state is
photoluminescence (PL) spectroscopy, since the final state
of the principal luminescence transition is the ground state
of the neutral acceptor. We present here PL spectra from
Ge:Cu. This is the first reported observation of lumines-
cence from the decay of excitons bound to a triple accep-
tor in any semiconductor.

The ground-state wave function of the bound hole in a
neutral acceptor is described by the fourfold-degenerate
irreducible representation I's of the double group T4.' By
taking the antisymmetric direct product of two single-hole
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wave functions, the double-acceptor ground state is then
given by {[gxTg} =T +T;3+0s5.2*° The Ge:Hg ground
state has long been recognized to be split by these hole-

“hole interactions? and recent PL and FIR studies have

shown similar splittings for the other double acceptors.’
Extending the central-field approximation leads to a
ground state of the neutral triple acceptor given by the an-
tisymmetric direct product of three single-hole ground
states, {[gxT'gxTg} =Ts.”® This ground state is a single
unsplit level in the absence of external perturbations.
Salib, Fisher, and Simmonds, ? following the successful
work of Kartheuser and Rodriguez® on double acceptors,
further extended this model to predict the relative intensi-
ties and splittings of the MIR absorption lines under uni-
axial stress. With the assumption that the stress-induced
splitting of the triple-acceptor ground state was also
present in the excited states, some agreement with the ob-
served splittings under uniaxial stress was achieved, but
problems remained with the relative intensities and the
thermalization behavior of the lines. The most striking
difficulty was the observation of forbidden transitions
from the thermally populated, stress-split ground state.
We have also studied the Ge:Cu triple-acceptor MIR ab-
sorption versus stress and temperature, but have not yet
succeeded in finding a consistent model for the results.

When an exciton is localized on such a neutral triple ac-
ceptor, the electronic system would consist of the four
holes in a spin singlet, and one electron which is thus left
unable to couple to the holes. In the language of
Kirczenow’s shell model'® this represents the closing of
the first hole shell. The triple-acceptor bound exciton
(BE) is thus also predicted to have a simple unsplit
ground state. The results presented here show that the
principal BE ground state to neutral-acceptor ground-
state luminescence is in fact a doublet, and hence either
the BE ground state or the neutral triple-acceptor ground
state is unexpectedly split. We present evidence that sug-
gests that the splitting is in the acceptor ground state.

The samples used in the present study were cut from ul-
trahigh purity (UHP) germanium with low dislocation
density. A barely visible layer of pure copper was eva-
porated onto the samples and then diffused in at tempera-
tures ranging from 450 to 800°C for periods of 1-24 h,
rapidly followed by quenching in ethanol. The diffusion
was performed in a helium atmosphere. The samples were
then left to soak in dilute nitric acid for at least 1 h to re-
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move excess copper from the surfaces. This cleaning was
followed by standard polishing and etching to obtain sur-
faces suitable for PL measurements. The PL was excited
with an Ar ™ ion laser at powers ranging from 100 mW to
1 W. The spectroscopy was performed on Fourier-
transform interferometers, a Bruker IFS 113v and a
Bomem DA3.01, with a liquid-nitrogen-cooled Cincinnati
Electronics IDH-100 InSb detector. The high sensitivity
of the interferometers was essential for the observation of
the weak luminescence signal. All measurements were
made with the sample immersed in liquid helium at tem-
peratures ranging from 1.6 to 4.2 K.

Figure 1 shows spectra as a function of the diffusion
temperature. At the bottom [Fig. 1(a)] is a spectrum
from the untreated UHP Ge. Above this are spectra ob-
tained from samples into which the copper was diffused at
500°C [Fig. 1(b)], 600°C [Fig. 1(c)], and 800°C [Fig.
1(d)] corresponding to Cu concentrations of 1x10'°,
3x10', and 1.5%10'® cm 3, respectively. The spec-
trum from the untreated sample shows no sign of the
features attributed to Cu which are clearly evident in all
of the other spectra. In the sample prepared at 500°C
[Fig. 1(b)], new transitions appear in the no-phonon
(NP), the longitudinal-acoustic (LA) phonon replica, and
the transverse-optical (TO) phonon regions. These lines
are labeled Cunp, Cupa, and Curo, respectively. At this
concentration the Cunp and Cupa remain much weaker
than the LA-phonon-assisted free-exciton (FE) line, la-
beled FEp o. In the spectrum from the sample prepared at
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FIG. 1. Ge:Cu PL spectra taken at 4.2 K showing the NP
and phonon replica regions as a function of Cu concentration or
diffusion temperature. The Cu concentrations for the top three
spectra are, from top to bottom, 1.5%10'®, 3x10'4 and 1x10"
cm ~? corresponding to diffusion temperatures of 800, 600, and
500°C. The bottom spectrum (d) is from the UHP Ge starting
material. The apodized resolution is 0.37 meV.
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600°C [Fig. 1(c)] the Cunp line is comparable in intensi-
ty to the FE| 4 line, and the transverse-acoustic (TA) pho-
non replica Cura has become apparent. At higher dif-
fusion temperatures the Cunp-to-FE| o intensity ratio con-
tinues to increase, but the overall luminescence intensity
becomes prohibitively small. Since each spectrum shown
here is scaled to the same maximum peak height, this de-
crease in overall luminescence intensity is evident in Fig.
1(d) by the increased noise in the spectrum obtained from
the 800°C sample. Samples prepared between 600 and
650°C were found to be optimal, having strong enough
Cu features without sacrificing too much signal. It should
be noted that the exact ratio of the Cunp-to-FEj 4 lines is
also a sensitive function of the quench rate and subsequent
thermal history. A fast quench was found to be essential
in maximizing the PL, as was avoiding any later heating
of the samples, although storage at room temperatures
presented no problems. The high mobility of Cu as an in-
terstitial and its tendency to precipitate at dislocations'
are probably responsible for this behavior and undoubted-
ly contribute to the weak luminescence.

Unambiguous identification of the PL with the Cu tri-
ple acceptor was allowed by the observation of the NP
two-hole transitions just below the optical-phonon replica
region. These transitions leave the neutral acceptor in an
excited even-parity state and are shown in the low-noise
spectrum of Fig. 2. The intensity of the 25 line is approxi-
mately 35 that of the principal NP BE line. Using the ob-
served energies of the 35S, 4S5, and 5S two-hole transitions
in a hydrogenic level scheme, an ionization energy of
E;=43.26 £0.03 meV was obtained. The 2S transition
was omitted because central-cell effects were still evident.
This result is in excellent agreement with the value of
E;=43.251+0.01 meV from the MIR absorption of Salib
etal® confirming that the luminescence is from the neu-
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FIG. 2. A low noise Ge:Cu PL spectrum at 4.2 K, showing
the phonon replicas and, on an expanded vertical scale, the NP
two-hole transitions. Resolution is 0.37 meV. At this resolution
the peak height of the NP 2S transition is approximately 3
that of the NP principal transition. Cu diffusion was performed
at 600°C.
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tral triple-Cu acceptor.

The bound exciton PL is strongest in the NP region,
and at high resolution (Fig. 3) the principal NP transition
from the BE ground state to the neutral-acceptor ground
state was always observed to be split into a pair of well-
resolved lines at 737.69 and 737.75 meV. Both the ex-
tremely small separation and the intensity ratio of the two
components initially suggested that the splitting might be
related to a copper-isotope effect. The natural isotopic
abundance of copper is 69.09% %*Cu and 30.8% %°Cu.
Spectra obtained from a sample doped with 99% isotopi-
cally pure'? 63Cu are shown in Figs. 3(b) and 3(c). Since
both transitions occur in the isotopically pure sample, the
splitting cannot be isotope related. If these were transi-
tions from two levels of a split BE ground state in thermal
equilibrium, lowering the sample temperature would
change the relative intensity of the peaks. Within the
signal-to-noise ratio currently achieved, no thermalization
was observed when the liquid-helium bath temperature
was decreased from 4.2 to 1.6 K [Figs. 3(b) and 3(c)],
even when the excitation power was reduced to very low
levels to avoid sample heating. Assuming that the sample
temperature equaled the bath temperature, a small
change in the relative intensities of the lines should have
been observable over this temperature range if the split-
ting originated in the initial state of the transition. This
suggests that the splitting reflects the final state of the BE
transition, the ground state of the neutral triple acceptor.
This splitting is unexpected and may provide information
leading to a more complete understanding of triple accep-
tors. The piezospectroscopy of the PL is currently being
studied and the results will be published at a later time.

Taking the FE energy of 740.46 meV reported by
Mayer and Lightowlers,'? we obtain an exciton localiza-
tion energy of 2.77 meV for the Cu BE. While this is
greater than the exciton localization energies of the shal-
low single acceptors in Ge, it is much less than the exciton
localization energy of the double acceptors Zn, Mg, and
Be, all of which are shallower acceptors than Cu. This
low-exciton localization energy for Cu is initially surpris-
ing, but is consistent with the results of McMurray'* on
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FIG. 3. High-resolution spectra of the split no-phonon princi-
pal BE transition of Ge:Cu prepared with (a) natural copper
and (b), (c) 99% isotopically pure %3Cu. The latter two also
show the effect on lowering the He bath temperature from 4.2 to
1.6 K. Resolution is 0.023 meV.

the A * hole binding energies of multiple acceptors in Ge.

In conclusion, we have observed the first photolumines-
cence from excitons bound to a triple acceptor, Cu in Ge.
High-resolution spectra reveal a fine splitting of the no-
phonon BE line which appeared not to thermalize and did
not depend on the isotope of copper present. There is, at
present, no model for this unexpected splitting. Further
work will be necessary to elucidate the true nature of the
ground state.
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