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LETTER TO THE EDITOR 

Donor bound excitons in Ge studied using 
photoluminescence excitation spectroscopy 

A G Steelet and E C Lightowlers 
Physics Departmen4 King's College London, Strand, London WCZR ZLS, LK 

Received 16 April 1991 

Abslract We report the first application of photoluminescence excitation specmscopy 
U, shallow donor bound excitons (BE) in Ge doped wilh As, P, or Bi. lhnsitions 
U, the BE ground State and the first few aFited stales were 0bsen.d by monitoring 
the longitudinal acoustic phonon replica of lhe principal bound exciton luminescence 
transition and scanning the laser excitation acrm the no-phonon region. Similar spectra 
were obselved for Ge doped with each of the donors; an excited hole series, with states 
a b e  the free exciton edge, was observed in each case. The energies of these states 
are in agreement wilh a simple hydrogenic model. From lhe apparent ionization limits 
and the bound exciton binding energies, an estimate of the D- binding energy for each 
donor is made. The shallowest electron and hole exited states previously observed in 
infrared absorption measurements are also observed for the As bound exciton, and a 
comparison with lhese earlier results is made. 

In the late 197oS, detailed studies of donor bound excitons (BFs) and bound multiex- 
citonic complexes (BMECS) in Ge were conducted using photoluminescence (PL) and 
near-infrared absorption spectroscopy [ 1-31. Most of the observed transitions were 
interpreted using the Kirczenow shell model [4] which was very successful at describ- 
ing both donor and acceptor BMECS in Si [5J. In the shell model, BE wavefunctions 
are constructed from properly antisymmetrized single particle wavefunctions, and the 
electron and hole states are labelled according to the irreducible representations of 
the Td point group. In Ge, the lowest energy electron states (split by the valleyarbit 
interaction) transform as PI and rS; the hole ground state transforms as rs. Thus 
a donor BE (with two electrons and one hole) in the ground state is denoted by 
{2rI;r8}, and the first electron-excited state, where one of the electrons is promoted 
to the rS level, would be written as {r1r5;r8}. Fine structure in this first BE electron- 
excited state manifold was observed in both photoluminescence as a multiplicity of 
the y transitions ({r1r5;r8}+{r5}), as well as of the corresponding 6 transitions 
({rl}-+{rlr5;r8}) observed in absorption [3]. This fine structure indicated the ne- 
cessity of extending the shell model to include electron4ectron and electron-hole 
interactions for Ge [6]. The first excited state for the donor BE in Ge is expected to be 
a p-lie holeexcited state, {Zrl;rx}, where the unidentifled hole shell is labelled l', 
[7]. The transition, labelled e, between this state and the neutral donor ground state, 
has been observed in both PL and absorption [3]. Photoconductivity measurements 
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[8,9] showed the existence of other, s-like, hole-excited states for the As and P  BE^, 
which lie at energies above the free exciton (FE) edge. In this letter, we present the 
results of photoluminescence excitation (PLE) spectroscopy experiments on the As, 
P, and Bi donor bound excitons in Ge, identifying weak features in the spectra with 
the electronexcited state and the odd-parity hole-excited states previously observed 
in PL and absorption, as well as a well-defined hydrogenic series of s-like hole-excited 
states lying above the FE edge. 

-The material used in this study was Ge doped with As, P, or Bi, etched in HF- 
HNO,, and polished using 1 Fm diamond. The absorbing face was then polished with 
Syton. The doping concenfxations were: [As] = 1 x 1015 (PI = 2.8 x lOI5 an-,, 
and [Bi] = 1 x 10l6 The samples were mounted in a He immersion cryostat, 
and pumped below the lambda point to 1.5 K. The excitation source was a Burleigh 
continuous wave Nd:YAGpumped NaCI:OH- colour centre laser, which provided 
250 mW of power. A f m Spex monochromator was used to monitor the longitudinal 
acoustic (LA) phonon replica of the principal BE transition, while the laser excitation 
energy was scanned across the Ge no-phonon region. Since the resolution in this 
experiment is provided by the excitation source. and not the spectrometer, the slits 
could be opened to 1 mm to maximize the signal intensity. A North Coast intrinsic 
Ge detector, cooled to 77 K, was used with standard lock-in amplification to detect 
the PL signal. The laser and spectrometer movement and the signal acquisition were 
computer controlled. Ordinary 4.2 K PL and 2 K absorption measurements on these 
samples were performed on a Nicolet 6OSX Fourier transform spectrometer. 
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10 

Figurr 1. No-phonon PL spectra for GcAs, &P, and Ge:Bi collected at 4.2 K. All 
s p t m  are scaled to equal CI peak height, and Ihen rescaled as indicated. 

ppical PL spectra collected in the no-phonon region for each of the donors are 
shown in figure 1, and an energy level diagram indicating the initial and final states of 
each transition for ease of comparison is shown in figure 2 The so-called principal BE 
lines (a) are transitions from the BE ground state to the neutral donor ground state, 
and have been scaled down as indicated. The lines labelled ol(lsr,) are transitions 
from the BE ground state to the donor lsr, excited state. The separation of this line 
from the a line gives the valley-orbit splitting for the donor. For As, P, and Bi, the 
valley-orbit splitting energies are 4.244 meV, 2.824 meV, and 2.839 meV, respectively. 
The transitions have the {rlrs;r8] excited state manifold of the BE as the initial 
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Flgnre 2 Energy level scheme for BE lransitions using the labelling scheme appropriate 
to the Kirmnow shell model. 

state; the final state is the lsr, neutral donor level. From these transitions, the 
splittings of the {rJ5;r8} manifold can be determined. Note that while there are 4 
resolved components in the PL spectrum of E only 3 componenls are observed for 
As and BL Calculations [6] for the As fine structure indicate that a fourth level 
should exist, and similarly one can expect additional levels for Bi These levels are 
not observed in luminescence, but support for their existence may be found in the 
PLE spectra. 

In absorption, some of the 6 transitions from the neutral donor ground state 
have been observed in the LA phonon replica by Mayer and Lightowlers [2]. They 
suggested a panty selection rule for these transitions, which were not observed in 
the no-phonon region. As well as these electron excited states, the odd parity r, 
level was observed in these studies via the e transition, which could he seen in both 
phonon-assisted luminescence and absorption. 

A comparison between PL and PLE spectra is made for Ge:As in figure 3. The 
energy scales have been adjusted to align the a transitions for the PLE and TA replica 
seen in PL with the a(lsr,) transition in the no-phonon PL spectrum. This enables a 
straightfonvard comparison of features between the spectra. The first strong transition 
to an excited state in the PLE spectrum is the 62 transition, since it is shifted from 
the a line by an energy equal to the separation between the y2 and the a(lsl',) 
transitions. Its extra width in PLE may be related to the presence of transitions to 
another level in the {rlr,;r8} manifold. The 6' line, as well as a shoulder due 
to 63 on the low energy side of the line labelled ZS, can also be observed as very 
weak features in the PLE spectrum. This is in agreement with the panty selection 
rule [2] since the oscillator strength for these transitions &. clearly quite small. On 
the other hand, the SZ line has a much larger oscillator strength in the no-phonon 
region, as evidenced by its greater intensity in the PLE spectrum, whiie it is absent 
from the LA absorption spectrum of Mayer and Lightowlers This suggests that a 
simple parity selection rule is insufficient to explain the transition probabilities. Also 
apparent in the PLE spectrum is the no-phonon e transition, in good agreement with 
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Figure 3. Comparison of G e : h  bound exciton excited states o b e d  in PLE wilh 
transitions lo corresponding energy levels as sen in PL. The energy scales have been 
shXted lo align the indicated a transitions in each region. 

the TA replica observed in PL This same pattern is true for the P and Bi donors as 
well. The 63 line for P is strong in the no-phonon PLE spectrum and absent in the TA 
absorption spectrum. The strong b line in the Bi spectrum lies between the second 
and third energy levels of the {r,r5;r8} manifold, indicating the presence of another, 
previously unobserved energy level for BL Higher resolution PL spectroscopy may be 
useful in identifying these proposed new levels for Bi and As. 

Complete PE spectra for the three different donors are shown in figure 4. The 
BE ground state transitions have been scaled to equal intensity, and the excited States 
are shown on a 6x  expanded scale. The presence of a well resolved series of excited 
states for each of the donors is quite clear. The first three states for As and P were 
first observed in the photoconductivity experiments of Sokolov and Novikov [SI (their 
(I, p, and y transitions), and were assigned to hole excited states of the bound exciton. 



Letter to fhe Editor 4495 

From stress measurements on the line labelled 2s here, Gorbunov and KaminSkii [9] 
determined that the symmetry of the level must be r8 ib it were indeed an excited 
hole state. 

The data presented show a clear similarity in the excited hole state series for all 
three donor species; there are corresponding transitions in each spectrum. Plotting 
the peak energy versus n-* yields a straight line with apparent ionization limits 
approximately 4.48 meV, 4.42 meV, and 4.40 meV above the ground states for As, P, 
and Bi, respectively. This indicates that the hole states can he considered in a simple 
effective-mass model, where the highest observed transitions are not affected by the 
central cell potential of the donor. The large no-phonon absorption cross section 
would most likely point to an even parity state, hence the choice of S for labelling 
the states. These transitions are indicated on the energy level diagram of figure 2 
hy the broken lines. The width of these lines is probably due to lifetime broadening, 
since all of the states are well above the FE threshold and therefore, strictly speaking, 
represent resonances rather than bound states. 

The hole ionization energies observed in PLE can be used to predict the D- 
binding energies for each donor species. Adding the donor BE localization energy 
to the free exciton binding energy gives the energy of dissociation from a bound 
exciton to a neutral donor plus a free electron and a free hole. When the hole 
ionization energy is subtracted from this value, the D- binding energy is obtained. 
The donor BE localization energies, found by subtracting the observed a no-phonon 
positions from the exciton gap energy of 740.46 meV [lo], are 1.36 meV, 1.24 meV, 
and 1.19 meV for As, P, and Bi, respectively. The free exciton binding energy bas 
only once been determined directly, by Sidofov and Pokromkii [ll], using far-infrared 
photoconductivity measurements, and they obtained a value of 4.15 me\! This is in 
close agreement with the theoretical calculations of Altarelli and Lipari [12] which 
yielded 4.18 me\! Combining these energies with our hole ionization energies gives 
As. D- = 1.03 meV, P: D- = 0.97 meV and Bi: D- = 0.94 meV From the onset 
of photoconductivity, 'lhniguchi and Narita (131 obtained As. D- = 0.75 meV and 
S b  D- = 0.625 meV; the values for P and Bi would te expected to lie between 
these energies. A theoretical calculation by Weber and Oliveira [I41 gave P D- = 
0.61 meV, which is close to the experimental values obtained at high suess when both 
electrons are in the same conduction band valley [13]. The differences between our 
predictions and the direct experimentally determined D- binding energies appear to 
be outside the range of the cumulative experimental errors, and could possibly be 
associated with ignoring complications arising from the ground state splitting of the 
free exciton at k = 0 [10,15] and the extension in k space of the localized hound 
exciton state. 

We have presented the first application of photoluminescence excitation speo 
troscopy to the study of shallow donor bound excitons in Ge. Several well resohed 
excited hole states are observed for excitons bound to As, P, and Bi donors, which can 
he treated in a simple effective mass picture. The D- binding energies predicted from 
the apparent ionization limits of these series are somewhat higher than those deter- 
mined in a limited range of photoconductivity measurements. Further experiments 
using perturbation techniques would he required to identify the symmetry of these 
hole excited states. The shallowest bound exciton excited states, which have been 
identilied previously, are observed for the first time in the no-phonon region, due to 
the much higher excitation density afforded by the laser source over conventional ah- 
sorption techniques. The existence of an additional level in the first electron-excited 
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manifold for As and Bi is suggested in analogy with the P bound exciton by the strong 
6 transition observed in Pm This level lies between the levels currently denoted by 2 
and 3, which necesritates increasing the indices for the As and Bi y’ and S3 transitions 
by unity. 

This work was supported by the Science and Engineering Research Council. AGS 
thanks the Natural Sciences and Engineering Research Council of Canada for a 
NATO Research Fellowship. 
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