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Edge photoliminescenve data {0.69-0.75 ¢V) at fow teinperatures {T=1.8 and 4.2
K) were ohtained in three isotope enriched Ge erystals (Af=70.1, 73.95 and 75.62)
and a natural one (A7=72.59). We ohserved theenergy shifts of the bound exciton,
phonon assisted clectron-hole liquid and free exciton recombination luminescences
as a funclion of the mean isotope mass. The resulis are in good agreement with
bath theoretical estimales using a rigid-ion” pseadopotential and some existing ex-

peritniental information.

INTRODUCTION

Germanium has a wide natural isotopic spread: "°Ge,
2Ge, ™Ge, "*Ge, and ™Ge. In natural Ge (mean ato-
mic weight="72.59] the isotope abundances are {in incre-
asing order of mass): 20.53%, 27.37%, 7.61%, 36.74%
and 7.67%. Enriched single crystals with low content of
impurities are available nowadays with a very high qua-
lity and. make Ge almost the ideal candidate to study ef-
fects of isotopic disorder on the electron or phanon spec-
trum [1,2].In this paper we presenl photoluminescence
data ai low temperatures in four samples with different
jsotopic composition. The replacement of diflerent iso-
topes in a crystal influences the electron energy states
via the electron-phonon (e-p) interaction [3-7]. Like-
wise, excitons have renormalized energies through the
e-p) interaction that can be observed experimentally
2] as we shall show in the {ollowing section. Generally
- speaking. the isotope and temperature shifts of the elec-
tronic gaps have the same origin. i.c the renormalization
of the electronic bands because of the vibrations of the
lattice [5.8]. Three main contribution to the electronic
band shifts can be distinguished: -

i) The expauston of the lattice due to thermal el-
fects or isotope replacement [9] afleets the optical gaps.
This effect (il exists even at T=0 hecause of Lhe zero
point vibrations} is casily evaluated from the thermal
expansion cocfficient, bulk modulus and the pressurc
cocfficicut of the gap under consideration. The effect
on the optical gaps is very small compared to Lhose due

Lo {c-p) interaction which we deseribe later. 1t has been

estimated in [2] 16 be of the order of ~ 5 "% eV at
T=0 K. This value is very small whew compared with
the observed shifts.

i) The Debyve-Waller or electron-twao-phonon inter-
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action term arises {rom the simyjlancons interaction of
two phonons with wave vector Q. from band j and po-
larizations a. . with an electron in the band n and

wave vectar k. Tlis term is caused by the second-order
Hamiltonian for the {e-p) interaction taken to first or-
der. When using the Empirical Pseudopotential Me-
thod 10 caleulate the clectronic energy bands, Lhis con-
tribution is obtained from a new pseudepotential with
Fourier compouents reduced by Debve-Waller factors
(exp[—1C® (©2)]}. where () is the thermal mean pho-
non amplitude of (he atom under consideration, The
lowest order expansion of tlis term {(~ 1 — zG? {(u)?) is
in general the ouly one used in real calculations, The
physical meaning of this terw is the following: if the
tattice were rigil. each atom contributes to the total
crystal potential felt by the electrons. The phonons
tend 1o smear the coutributions of those atoms with a
larae average vibration avound its equilibrium position.

Note that the Debye-Waller terms tend to suppress the
Fourier components of the pseudopotentials with large

G, i.e the shorl-range structure of the potential is flatte-
ned when the temperature is increased due to the pre-
sence of the phonons. The effective potential preser-

ves only the long-range characteristics (small G). For
this term it suffices Lo perform a new electronic band
structure calculation with the modified pseudopolential
using empirical values for the Debye-Waller terms which
can be obtained from x-rays diffraction experiments. In
this way this procedure can be carried out without any
explicit caleulation of the phonon branches [10].

ii) The self-cnergy (SE) contributions to the elec-
tron encrgy renormalization [11] come from the first or-
der (e-p) Ilamiltonian to second-arder in perturbation
theory. Even within the framework ol clectronic bands
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renormalized by Delive-AValler terms, 1 is still possible
for one electron 1o enut and reabsorh ene phonon. The
real part of the corresponding self-energy (3. the energy
shift) is given by [3):
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with the same notation as in Relf5]. The evaluation of
thesc Lerms reguires an explicit calculation of the elec-
tronic bands together with a reasonable representation
of the lattice dvnamies. Explicit ealenlations liave to be
performed witl: a computer code [h{ The Debve-\aller
terma is usually larger than the sell-encrgy contributi-
ons and Lhis explains the reasonable agreement found
n carlicr calculations [3] using only the ternr deseribed
m (1).

In the present paper we arc interested iu the isotope
shifts at a fixed temperature. From (5i) and ({iii) we
find that the isolope eflect on the one-electron states
{at a given temperature) is proportionat to the averaged
squared phonon amplitude:

|(@a@n)f = ?T}“f‘\“fi;‘" [1 + 2ug,7] (2)

where ng.(T') is the Bose-Einstein factor for the pho-
nons (this result holds only if the lowest order expansion.

of the Debve-Waller term is assumed in (ii)). At room
temperature the Bose-Linstein factor can be approxi-

mated by ns.(T) ~ kgT[1f15; and since k{5, o M:%

the averaged phenon amplitude (2) becomes indepen-
dent of Af,. Al low temperatures ng;(T) ~ 0 and

RN -
then |<ﬁ'(Qj)>' o M, k Hence, isotope shifts in the

electronic gaps are observed only at low temperatures

and should be related to the average isotopic mass (A)
through:

1
T ®)

Ee! e

Eventually, absolute values for the isotopic shifts can be
compared with theoretical estimates from Ref.]8] using
the two terms described in (i) and (iii) and a rigid-ion
pseudopotential. It is inleresting Lo note that plionons
behave as if the mass of the latlice were uniform and
equal to Af. Tlere is no need 1o consider new featu-
res such as the eflect of local vibrational modes because
partial isotopic substitution is too weak to produce lo-
calization of phonons as discussed in Ref.1]. The rela-
tive change in energy as a [unclion of the isotopc mass
follows directly from (3}

AES AW
B = 737 ()

intensity (arb. units)
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wheve £ 1> the renormiabized enerey diwe Lo the zero
poiut vibrations. 5o Fa Eg (1 holds anly for one
particle states (electrons or holes) but shonld remain
valid for low binding encegy exenons suel s those at
the adivect edge of Ge, Fguation (0 will thus e used
for Lthe bound excitan which is vhserved i pliotohoni-
nescence at low temperatures [2,12],

The tsotope elfect on the phonon replicas and the
phonon-assisted recombination has two contributions.
The energies of the phonous beliave ke by, o I/\/ﬂ
and. in addiion. the (ep) imteraction contributes with
ashifi of Lhe cleetronic gap. 1t is clear that Uie interacti-
obs explaned 10 () and (i) can be viewed as Lhe elfect
of the phonsns on the clectrons or vice verse. Thus,
following the same reasoning. the dillerential shilt of &
plhonon peal s espected o be

e
fanir

Allgy) = AF o Db DAl (

Subtracting the experimental plionon encrgies from the

electronic shifts observed in the excitons (electronic part}
it is possible to isolate the second term 1 Eq.(5) and to

compare directly with the calculated value taking fuwyp,

from the literature [13]. We shali use Eq.(5) for the pho-

non replicas of the {e-h) liquid and the phonon-assisted

recombination of the free exciton {12).

EXPERIMENT and DISCUSSION

Edge photoluminescence {PL) data were taken in three
enriched samples with average isotopic masses Af =70.1,
73.95 and 75.62 and one sample with the natural iso-
topic content {Af = 72.59). The euriched samples had
gone through a stringent purification process and their
impurity content is estimated 1o be well below 101
em™. Measurements were performed between 0.69 and
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Fig. 1 PL data taken at T=1.§ K in the four diffe-
rent samples (Af=70.1, 72.59 (natural), 73.95
and 75.62) of Ge. The three peaks in incre-
asing order of encrgy correspond te phonon
aided recombination of the (e-h) liquid due .
to LA and TA phonons and exciton bound
Lo neutral impuritics respectively. The energy
positions of the peaks ave given in Table 1.
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main features canbe observed. THeEh
eV-carrespond toan exciton bound 101 _
The hinding energy of the exciton. to the impurily s,
very small thus. thas Jise can be observed-onty A0 T< 4
k. The small relative intensity, of the bound exciton
peaks for **CGe and Gearesnindication of the low
concentratian of neutral imparitics and defects in these

~samples. In Fig. 2 the region near.the, hound exciton

peak.is showss ne detail. The encrgy position. of. the
peaks is displaved in Table ). Differcnt noise Jevels in
the data_are due 1o difforences inthe. signal strengths
possibly rclated to differences.in. the delects and sur-
face conditions. All the samples. hiad Been previously
polished. by mechanicat weans and etched belore the
experiment. following the preseription of Rel.[14].

The two othier peaks in Fig. | are the LA and T'A
phonen replicas of Lhe clectron-hole liquid {e-h) recom-
bination. Below a characteristic temperatnre (T~ 2
K} excitons undergo a phase transition producing the
so called clectron-hole drops whic also give rise to
phonon-assisted radiative recombination. The study of
the {e-h) liquid properties hias been a subject of active
research {15.1G] as physical examples of a many-body
svstem of fermiions interacting through the Coulomb
potential. The weak plionon replicas associaled with
the {e-h} hguid ave only olmervable at.the low tempera-
ture and lose Ltheir intensity as suon as the temperature
reaches~ 3.5 — 4 K. The line shape of the (e-h) drops
juminescence (£1 D and EH D7) in Fig. | are not

symmetric. The line shape for thie phonon assisted re-
combination results from the convolution of the densi-
ties of slates for holes and electrons modified by the
corresponding Fermi distribution at T#0, i.e.
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Fig. 2 Bound exciton PL emission from Fig. 1 in an
expanded scale. Note the shift of the peaks

towards higher energies as a function of M.
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2 is the matrix element, g u(¢) thedensities of
s (electrons or holes), f(¢} the Fermi distribution
Loand I hie pseida:Feomidevels Tor electrons and holes
~under the presengeof light. The two Fermi levels are
- polindependentsince chincge nentrality requites Eg +
El = Epr where Ep s the Fermi level in Ahe dark, at
“agiven temperature. From {G) it can be seen that the
luminescence peaks EH DY and £4 DT should rise
Jike {(B2)? ol the lowereuergy edge. For the purpose of
comparing energy shifts as a function of Af 3t suffices
to take a {ixed point of the line shape for the diflerent
isotopes (il Lhe temperatnre is the same). The values
displaved in Table 1eorvespund to the maximum of each
peak, respectively. The band cdge energy (the energy
alt-_whicll Eq.(6) starts to coutribute) is~ 4.8 meV below
that.

In Fig. 3 we show the 'L data in the same energy
range asin Fig..l for T=1.2 K. In this case the {e-h)
liquid disappears and the PL signal is dominated by the
phonon assisted recombination of the [vee exciton. The
excitens bound Lo neutral impurities hecome [ree at this
temperature and, since Lheir & is not zero, only radiative
recombination witl emission phonons such that g, = &
is atlowed (hp g ~ 0). These processes can take place as
ane or multiple-phonon emission. The Tormer. governs
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Fig. 3 PL data obtained at T=4.2 K in the samples
of Fig. 1. At this temperature {e-h) liquid
emission is Jost. The bound exciton can be
thermally activated and becomes free. The
BEXF line of Fig. 1 almost disappears alt-
liougls is still distinguishable in "Ge and
Ge natural. The free excilon can produce
now phonon-assisted recombination leading
to the phonon replicas shown. All energies
are given in Table I The inset displays the
twa phanon replicas for “*Ge. Solid symbols
are experimental data while the solid line is
a fit to model lineshapes {see text:Eqgs.(7),
with W(e) = constant, and (9) centered at
the apprapriate plionon-energy).
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i aencrid. Lo Ge the vicdhiatve vecombnnation ol free
exctons s photon cnergy resion 15 siared b L4
and 10} }:lullnm-. [} The |I1|: =l pe N onul SYBnetrc,
as expected (a culn]miulmu revicw ol IR emission
and Bue shapes is given o Hell 1200 b bas heen shown
L2748 thint for one-plionaeassisted ciission of the
free exciton U specteal distiibanian of the 'L Line s
given by

Flhaw ~ (1.7{,.:';-{wff:’\';.]"‘}ﬂl{rj. {

=1

WOre ”'((} is the transition !}I'ul:;||1ilil_\' rate amd

e=lw— I, 3 e, {8}

with £,; the encrgy ol the exciton equal Lo binding
encrgy plus kinclic energy. The transition probability
rate 15 proportional Lo the square of the {e-p] coup-
ling cowstant. The phonon recontbination through LA
phonons is allawed whilst that through TO phonons
15 forbidden. The reason for this is that the recombni-
natien involves transitions from the I°p to L, minima.
Decomposing Ty into irreducilie representations of Cs,
one obtains Ly Since L; @ Ly = L, only transitions
mvelving LA phenons {L, symmetry) are allowed. In
this case (LA phonons) the (e-p) matrix element can he
taken as a constant. Therelore, the spectral emission is
given by (7) with W({¢) =constant. For the TO-aided
recombination shown in Fig. 3 1lic analysis is as follows:
Al T=4.2 K the kinelic encrgy of the excitons is small
and the (ep) coupling constant can be assnmed to be
linear in G, 1.e. W{dx |G| o € and the spectral dis-
tribution F{hw) becomes

Flhw} ~ f%e:rp(—(_/f\';,}"}, (9)

Thic insct in Fig. 3 shows a blowup of the phouow repli-
cas in "®Ge with some experimentat points and a fit with
the spectral distributions (7) (with W (¢) =coustant)
and (9) centered around fwp 5 aud fiwrs (Eq.(8)), re-
spectively. The refative intensitics are fitted so as Lo
exhibit the relative amplitudes lound cexperimentally.
The asymmetry of the line shapes is well reproduced.
The maximum of F{hw). at a given teniperature. occurs
when ¢ = 1/2N,T for the LA ;Jllon(m and ¢ = 3 ANT
for the TO. Hence. from (8) we found £, ~ 711 meV
for natural Ge at T'=1.2 K. The absolute energies of the
maximnm of the observed plomon replicas n Fig. 4 are
given in Table [ for the (our sumples. The position of
the peaks can be usually determined within~5% of the
resolution hut is limited in some cases by noise. Nole
that the fit showus iu the inset of Fig. 3 for FETO and
FELY implies ouly one froe parameter, pamely the re-
lative intensity of the peaks. IWnowing Furg and frwp
front the literature [13] and using the encrgy position
of the maximumn for FET? aud FES' and the known
temperature {T=1.2 K}, the exciton eneray E i (8)1s
fixed. Therelore. ouly the relative intensity remains as
a free parameter for the fiv. Uowever, the curve in the
_inset of Fig. 3 was obtained assuming T=5.1 K in order
to reproduce the experimental broadening (the increase
with respect to the nominal T=1.2 ¥ is probably due
to laser heating: it could also be fictitionslv induced by
the splitting of the indireet exciton {19]). In Fig. 4 we

stuminarize Lhe sotope slnfts for wdl the observed 1L

peaks at T=1.8 and 1.2 K. From the best lincar fit of
the bownd exciton nminescence at T=1.8 I8 we canob-

0.742 e
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0.734
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o 0.726 ElIDM]_
e
o
£ 0.718
E ——
= FELN T
0.710 T e
A
EHDIT‘?;“"’G;(QFE
0.702 !

69 71 7395 77
Isotope mass

Fig. 1 Energy position of the PL peaks shown in
Figs. 2 to 4 at T=1.3 and 4.2 K. The lines
represent best lincar fits in each case {see
Lext).

tain AEBY 45 shown in Fig  and Table 1. Inserting this
value 1o Eq.(1) aud AA =552 we can caleulate the re-
normalization energy Fo,,.,, (4} of the electrons [8]. We
compare in Table | this value with existing theoretical
calculations [§] including both. Debye-Waller and seil-
energy terms, using a rigid-ion pscudopotential. The
values are given in Table 1: good agrecment is found.
Also the resulis commpare well with the extrapolation to
T=0 of E,p(T) measured at higher temperatures, as
expected [6,20]. Once the shift due the electronic part
15 known, we can use Eq.(5) to cvaluate the expected
shift in the plionon-aided peaks. Since the second term
in (3} is proportional to the phonon energy, indepen-
dent values obtained with inelastic neutron scattering
{13] were used to find A(hwpponon ). The values are dis-
played in Table Fand the comparison with thie measured
ories is again satisfactory.

As mentioned hefore. phonon frequencies follow the

trivial mass dependence x (;ﬁ}‘%. However, departu-
res from this law arc ohserved experimentally. and de-
pend on the phonen under consideration.. Tlis effect
is produced by isotopic disorder and has heen studied
with Raman spectroscopy [1] and inlrared transmission
spectroscopy {22], The energy of the phonons should
contain an isolope-disorder nduced sell-energy.  Cal-
culations of this effeer with the colierent potential ap-
proximation {('PA} have been performed [21,23). They
predict a negligible contribution for LA and a disorder-
induced plionon sell-energy of ~ —0.2 meV [or TO pho-
nons (TCw-TOLY (Fig. -1 in Rel [1]) in natural Ge when
compared with a hivpothetical pure isolopic sample of
the same mass. We have attemptled Lo find evidence for
this shift in the [ollowing manuer: Tle phonon-assisted
reconthinations of the free exeiton i Fig. 3 have not
only the mass dependence of the phanons included but
also Lthe electronic shift {FEq.(3)). We removed the elee-
tronic part by subtracting the encrgies of FETY and
F it from that of the bound exciton (Fig. 3). The
values so obtained differ slightly Irom the absolute pho-
non encrgics. The data can be slightly shifted so that
the energics for TO and LA coincide willy the valnes
reported i the Jiteratnre [13]. I this way we obtain
the data plotied in Fig. 5. The two solid lines are Tunc-
tions of the form (',ﬂ"[ﬂ]% {C"is an adjustable-parame-




hwphonon = (-'/m, (" = adjustable para-
meter). The departure from this law is a
signature of isotopic disorder; no. evidence
of isolapic disorder is observed (see text).
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TABLE 1. Abralute energres mnd relative shifts for the phutidumineeency bioes of Ul boang exciton (HE®),
phonon replicas of e clecron-hole liquid (EHDTA and EXFDEAY, and phonon assisted recombination of the free
exciton (FELA and FET?). The experimental conditions are given m the oatnotes {all cnergies are in meV}).
Ieotope BEVF ENDTA EfDLA FELA FETS
IGe 736.24 £ 0.03° 72734 1.3° T0T. £ 120 7102+ 0.2° -
T23%Ge (nat.) 73920 £ 0.03° 7184+1.2° TUB.S £ 1.2¢ Tid0 00" Tus.4 4 0.3
192G 739.66 + 0.03* TRy 11° Tow 1 7137+ 0.3 T05.7 £ 0.5°
502G 740.23 4 v.03* L ES KR TINZ £ 144 7145+ 01" 0G5 £ 0.3*
Ensrgy shift ARBE AthurEHD Alhwr BN Athwg OFE Alhwro)TF
Experimental . 105 % HUG* 24704 3129 3.tf 1.93%¢
Caleulated 2264 2.43* 317t ATk 1.86!
Enecgy renormalization™ Experimesntal Theory
—51.9(2.1]%4" — 6063
4 T=18 K.
*T=42 K.
¢ Obtained using AE from the hest lincar fit of the BEN¥ peak in Fig, 4.
¢ Obtained using the best lincar fit of the ENDT4 peak in Fig. 1.
¢ Same as (d) with the best lincar fit for Eff DA
s ! Same as (d) with the bast linear fit for FEEA.
o # Same as (d} with the Lest linear fit far FETO.
Ve . # Theoyetical value from Rel [8]-
i
:!?l ; * Pseudopolential-bond- charge-madel.
ht.; § J Calenkated using Eq.(6) with Ak = AEPE (exp) and bovp g = 7.5 meY from Ref[13).
d. k Same as (§) with Awg 4 = 27.75 meV dfrom Ref{13].
1
to “ | Samic as {j} with hurg = 36.0 mcV from Rel[13].
as
) ™ Etiergy renvernalization of the I' — X indirect clectronic gap due 1o eleciron-phonon interaction al T=0
+d " For M = 70.1. .
m
n-
g
5- ter). We choose € in each caseso that the curve coin-
d 36.1 cides with the experimental data for ™Ge in the case of
LA l LA and with the experimental point for “Ge lor T'0.
J No evideuce of isotope disorder nuduced self-cuergies is
e 278 | AJound. We note. however. that error bars for the TO
1- > phauon [requencies are ~ £0.3 meV and the expec-
o L 4358.7 . . v -
¢ E ted sclf-energy. —0.2 eV falis well within these error
= — 274 | e bars. We arc al present growing a ervstal with 50%
| &= 1 Tups RS SR 5 D h
o Phonon . TGe and 50% (e which should fead 1o a four times
il ® . ] targer seil-energy, discernable wathin the ervor margin
d = energles 1353 o "
i - of the present work.
I 27.0 ]
* In addition to these experiments we also performed
¥ . cllipsometric measurctnents of the £, — B, + A, gaps
- 26.86 1 . ; 24.9 at low temperatures (T~10 K) and PL of the direct
¥ 69 7I1 73 75 77 gap. Qur ellipsometry data for the isotape shifts of the
n solope mass E| — By + A, gaps did pol imprave the results already
of - reported i Ref.[S], except for the addition of a new
E ! sample (" Ge). Althiough morc satisfactory (due to the
5 . ) i ] better quality of the *Ge sample), e total shifts of
: ' Fig. 5 LA *"“‘Id TO phonon G'mfrgles. The experi- both gaps (obtainced with an appropriate model for the
) “}L;‘}_a l_;";‘}f};’_‘(‘;"“ °d '-}:‘Ei(l ]flo':‘lll”‘c ﬁata critical points) are ~ 5.5+ 3 meV going from Af = 70.1
of Fig. 3 (FE and [FE7). v = e .
] Ig ; SRR ¥ vaues to A7 = 75.62. This is similat. to the values reported in
so obtaiued were shifted so that the ener: Rel.[8] but ahout three limes larger than the theoretical
- gies of TG aud LA in the natural sample e
T . . ; ones.
coincide with those reported in the litera-
3 ture [13]. The solid Lines were oblained usi . ,
5 ¢ [13). The solid lines were obtained using In conelusion. we ebserved thie isotope effect on the

P1. spectra of four different Ge samples and found good
agreement with hoth, theoretical calenlations 3], and
some previous experimental data [‘J‘l-'{], In the only
previons veport of this effeer (Reff2]). using lumine-

e e e
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seence. the L4 and 70 plunon replicas of the (e-h)
liguid in one enriched sample (37 = 75.69) were com
pared with the watural one. T Ref.[23] similar results
were reported for the lowest (indireet) gap of diamond.
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