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Abstract. No-phonon luminescence from excitons bound to shallow donors

and acceptors in crystalline germanium is found to move to higher energy with
increasing mass number A of the germanium at the rate d€/dA = 0.35+0.02 meV.
We show that it is possible to predict this shift, to a good approximation, from

the temperature dependence of the energy gap and the effect an the lattice

parameter of the different isctopss.

With five stable isotopes, germanium is an ideal mate-
rial for studying the cffccts of changing the host lattice
isotopes on the vibrational and electronic properties of
a semiconductor. Data have been presented for the iso-
tope dependence of the lattice parameter [1] and for the
effects of isotopic disorder on the phonons [2]. The indi-
rect energy gap has been reported to be 0.9+£0.05 meV
larger in a mixed Ge/Ge crystal than in one of nat-
ural isotopic content [3], and a recent pseudopotential—
bond-charge-model calculation has predicted a shift of
1.3 meV between these particular crystals [4]. This
letter has two aims: firstly, to report accurate measure-
ments of the changes in indirect energy gap by using
the no-phonon photoluminescence of excitons bound
to shallow donors and acceptors in several isotopically
pure Ge crystals and, secondly, to show that it is pos-
sible to reproduce the observed shifts using a simple,
empirically based calculation.

Single-crystal Ge samples grown with one dominant
isotope have been used in this work. For example, the
nominal Ge sample was shown by sIMS analysis to be
0.5 at.% MGe, 0.17 at.% Ge, 2.2 at.% BGe, 9%6.8 at. %
"Ge and 0.33 at.% "°Ge, giving an averaged mass num-
ber of A = 73.96. Donor and acceptor concentrations
were typically below 10" cm—3. The luminescence was
excited using the 0.5145 pm line of an Art laser with the
samples mounted stress-free immersed in liquid helium
at 4.2 K It was recorded using a Nicolet 605X Fourier
transform spectrometer fitted with a North Coast Ge
diode detector cooled to 9 K. Typical photolumines-
cence spectra obtained from Ge and ™Ge single iso-
tope samples containing trace amounts of copper and
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Figure 1. Luminescence, not corrected for the wavelength
dependence of the system, from the decay of free
excitons and excitons bound 1o Cu triple acceplors
and phosphorus donors in °Ge and *Ge al 4.2 K The
subscripts indicate the L-point phonons involved in each
transition.

phosphorus are shown in figure 1.

Germanium is an indirect gap semiconductor with
its valence band maxima at wavevector k = 0 and con-
duction band minima at the L point. In Ge of natural
isotopic content and in the limit of low temperature,
the energy of a stationary indirect-energy gap exciton
is 740.46 & 0.03 meV [5]. Luminescence is not ob-
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Figure 2. Two-electron’ luminescence from excitons
bound to As donors in "Ge and natural isotope Ge
(effactively 22Ge}, leaving the danor in the even parity
states as labelled [7]. The separations of the peaks are
the same, reflecting the isotopically invariant effective
mass states of the donor.

served at this energy because of the need to conserve
the wavevector by the emission of a phonon from the
L point. All transverse and longitudinal acoustic and
optic phonons are observed, with quanta, in natural
Ge, of fiwk, = 7.9 meV, hwl, = 27.7 meV, hwly =
30.6 meV and fAwk, = 36.1 meV. When the exciton
is bound to a neutral shallow donor or acceptor, the
localization allows it to decay without phonon emission.
The resulting no-phonon line is very well defined and
its energy may be accurately measured. The energy £y
binding the exciton to the centre is small for all the
centres considered here. For example, for the copper
triple acceptor, the deepest centre considered here, E;
= 277 meV [6]. Consequently the binding is only a
small perturbation to the exciton.

We assume that the binding energies are unchanged
by the isotopic content of the lattice, so that the no-
phonon energies reflect the isotope-induced changes in
the indirect energy gap. As confirmation of this we
note first that all the electronic energy states of each
centre track together with changes in isotope (figure 2).
Secondly, all the no-phonon lines of different shallow
centres have the same variation in energy on changing
the Ge isotope (figure 3), as expected if the bound
excitons are all similar to the free exciton and hence to
each other. The ratc of change of no-phonon energy
Enp with mass number A of the Ge isotope is

dEnp/dA = 0.35 £ 0.02 meV. (1)

The phonon-assisted luminescence lines are shifted to
a photon energy hr = Eyp — Aw by the quantum
fiw of the relevant phonon. We find that for all the
phonon sidebands of the donors and acceptors inves-
tigated here, the change in vibrational quanta are as
expected from the mass change using the trivial rela-
tionship Aw o< 1/v/A. This result implies that the donor
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Figure 3, Points show the measured data for the energies
of the ng-phonon lines of excitons bound to Cu fripie
acceptors (squares) and P donors (circles).

or acceptor plays a negligible role in determining the
effective mass of the phonon modes, consistent with the
weakly localized nature of the exciton.

The two main contributions to the isotope depen-
dence of the indirect cnergy gap are from electron-
phonon coupling and from the dependence of the
atomic spacing on the isotope. The volume change on
changing the isotope from the natural isotopic content
(cffective mass number 72.6) to nominal Ge (with an
averaged mass of A = 73.9) has been measured at low
temperature {1]:

V'?z.ﬁ - V73.9
V726

The change in energy with volume of the indirect gap
is also known [8}:

=(14.9+0.3) x 1075. (2)

a = VAE/dV = —3800 meV. (3)

Consequently the change in exciton energy with mass
number A from the volume change is only about 12%
of the total shift:

(dEfdA)y = 0.044 meV (4)

and most of the shift arises from the isotope depen-
dence of the electron—phonon coupling. A simple es-
timate of this contribution to the energy shift can be
made from measurements of the temperature depen-
dence of the indirect energy gap. The reasoning is as
follows. First we recognize that with increasing tem-
perature the energy gap decreascs simply as a result
of lattice expansion. This contribution can be calcu-
lated explicitly using the deformation potential (equa-
tion (3)) and the known volume expansion of Ge; it
will be shown to contribute only a minor part of the
change. The dominant contributions to the tempera-
ture dependence of the energy gap come from structure
factors, which contain Debye—Waller terms, and from
seif-energy terms [4]. When either of these terms is ex-
panded as a power series in the atomic displacements,
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Figure 4. Temperature dependence of the lowest indirect
energy gap of Ge. Points show the trend of experimental

data from [9], the fine curve 'a’ shows the effect of volume
expansion and the full curve shows the total fit of equation
(5) with p = 0.4.

the leading terms are proportional to the mean-square
displacements {u?) of each atom. For a harmonic os-
cillator of angular frequency w, mass m and in its nth
quantum state, (u?) = A(n + 1)/mw. With increasing
temperature, the mean quantum state 7 increases, pro-
ducing a temperature-dependent change in the energy
gap. At low temperature, (u?} o« 1/mw, and so de-
pends on mass as {u?) o 1/y/m, producing the isotope
effects.

We therefore write the temperature dependence of
the energy gap as

B(T) = By+ [ dof(w)[n(w, T)+ |

AV(T)

a(en + 2e12) —5v ®)
where the energy gap at T =0 is Ep + [ dw f(w) /2.
Here, f(w)dw is the difference in the electron—-phonon
coupling for the conduction band minima and the va-
lence band maximum for those modes in the frequency
range w t0 w + dw and the integral is over all the lat-
tice modes. The last term in equation (5) is the volume
expansion termi.

Figure 4 shows the measured indirect energy gap
between 0 and 400 K [9]. Since the maximum vibrational
quantum of Ge with natural abundances is equivalent to
440 K, this temperature range is sufficient to sample all
the lattice phonons of Ge. The curve ‘a’ on the figure
shows the relatively small contribution from the lattice
expansion. The remainder of the shift is produced by the
term [ dw f(w)n{w, T) in equation (5). The functional
form of f is unknown. We have assumed that it is
determined by the density g{w) of phonon states of Ge
[10] modified by the phonon frequency in some power
law, ie.

flw) = cwPg(w). (6)
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We find that the temperature dependence of the energy
gap may be fitted with p = 0.4 + 0.4 (figure 4).

Knowing the best-fitting values of ¢ from the fit on
figure 4 we can now calculate explicitly the isotopically
induced shift E* — E7 at 0 K between two isotopes of
atomic mass number A’ and A7:

E - E = (/A JA - 1) ]dwf(w). (N

Evaluation yields, for the range p = 0-0.8, an electron-
phonon contribution of

(AE/dA)e_pp = 0.22-0.30 meV. (8)

The total predicted shift is the sum of the contributions
in equations (4) and (8) and is

(AE/dA) = 0.26-0.34 meV. (9)

In this letter we have presented accurate data on
the effect of changing the isotope of the Ge lattice
on the no-phonon luminescence from excitons bound
to shallow donors and acceptors. We have shown that
the indirect energy gap increases with mass number as
dE/dA = 0.35 £ 0.02 meV. A slightly smalier value,
(dE/dA) o = 0.3+ 0.04 meV, has been predicted us-
ing a simple empirical calculation. In contrast, a recent
first-principles calculation predicts (dE/dA)e_pp =
0.42 meV [4], to which must be added the volume
term (equation (4)), giving (dE/dA) = 0.46 meV,
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