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Low-temperature photoluminescence studies on heavily doped p-type germanium are reported. In
addition to the indirect-band-gap (0.75 eV) luminescence, direct recombination of nonthermalized
minority carriers located at the conduction-band minimum at point I' is observed. The direct
recombination occurs across the gaps E, and Ey+Ag (0.89 and 1.19 eV, respectively) and resonates
strongly for exciting photon energies close to the energy gap E,. The emission across the gap E,
can be described as a mixture of band-to-band transitions with and without momentum conserva-
tion. From the luminescence spectra the shift of the indirect band gap as well as the direct band gap
E, is determined as a function of carrier concentration and compared to full pseudopotential band-

structure calculations.

I. INTRODUCTION

The effect of heavy doping on the electronic properties
of a semiconductor can be described, besides the band tail-
ing due to the random distribution of the dopant atoms, in
terms of a reduction of the band gap.! For doping levels
so high that the material becomes degenerate, a filling of
the conduction or valence band occurs (for n- or p-type
material, respectively).! The reduction of the band gap as
well as the charge-carrier distribution within the bands
can be studied by photoluminescence via the radiative
recombination of photoexcited minority carriers.>3

Most of the luminescence work reported for heavily
doped germanium deals with n-type material.>*~7 Not
much information exists about the luminescence proper-
ties of heavily doped p-type germanium.

In this paper, low-temperature photoluminescence (PL)
spectra of p-type germanium doped with Ga at concentra-
tions ranging from 6 10'® to 7.8 X 10" cm ™3 are report-
ed. The PL spectra show, besides the recombination band
from electrons in the lowest indirect conduction-band
minima at the L point (see Fig. 1), luminescence from
nonthermalized electrons located at. the direct-
conduction-band minimum. Direct-gap recombination
has been reported in the literature®~!° for highly photoex-
cited pure germanium. The direct-gap luminescence
found in the present study exhibits, however, a different
dependence on excitation intensity and is also observed
under very low optical excitation. This finding allows us
to study not only the lowest indirect-band-gap energy but
also the direct gap E, as a function of carrier concentra-
tion. The Ej-gap emission, which resonates strongly for
exciting photon energies close to the energy gap E,, can
be described as a mixture of band-to-band transitions with
and without momentum conservation.

Section II of this paper gives a description of the exper-
imental details. A short discussion of the theory used to
calculate the band-gap shifts upon doping is presented in
Sec. III. Section IV deals with the experimental results
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and their interpretation and finally the conclusions are
given in Sec. V.

II. EXPERIMENT

The samples used in the present study were bulk doped
with gallium. The carrier concentration ranges from
6x10" to 7.8x 10" cm™3 as determined from room-
temperature conductivity and from the plasma frequency,
which was obtained from the minimum in the infrared re-
flectivity. The surfaces of the samples were polished.

The cooling of the samples to 5 K was accomplished by
means of He exchange gas. The luminescence was excited
either by several visible and near-infrared lines of a
Kr* laser or by the 1064- or 1319-nm line of a Nd**-
YAG (yttrium aluminum garnet) laser. The luminescence
light was dispersed by a 1-m double monochromator and
detected either with a cooled intrinsic Ge photodiode or
with a PbS detector.
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FIG. 1. Band structure of Ge. The luminescence transitions
observed in heavily doped p-type material are indicated by ar-
rows. The band separations, referring to low temperature and
pure Ge, are Ez=0.744 eV (L.—TI,), E;=0.889 eV
(Te—T,),and Eo+Ap=1.189 eV (I, —T).
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III. THEORY e imp | 1 | = 2
‘ A(_é) =N2 I(k,an Ik+qr)’">l , (7
The renormalized band structure of a semiconductor in " Gom (er(’,, TR+ gm
q+#0

the presence of impurities can be described by the Hamil-
tonian!!—13

H=H,+8, , (1)
where
a T
H.= ; e—fnCYnC?n @
k,n

describes the band structure of the pure semiconductors
and the carrier-impurity part of the Hamiltonian is

A =, , — T

Hy,= 3 (k'n'|Vi|k,n )C_,,n,C?n . (3)
Y,n,?'n’

V; represents the difference between the crystal potential

with and without impurities present, C Tn and CT{n are

the creation and annihilation operators for an electron
with energy €zn and wave vector k in band n, respective-
ly.

Assuming that the substitutional impurities are ran-

domly distributed, the energy bands renormalized by the
presence of the impurities are given by the zeros of 13

det[(z —e 3> )8,y — 2 K,n,n";2)]=0, 4

where Z(E,n,n’;z) is the self-energy matrix. In the case
of small self-energy, Rayleigh-Schrédinger perturbation
theory can be used to obtain the roots of Eq. (4); up to
second order in the impurity potential and neglecting
mull‘lcigle-scattering effects, the result is a complex ener-
gy:”

!

- ' _ (1) ) i
En=etnthent o =er, tA%, TAT, +

kn 27 27'—1—(>n

kn
‘ (5)

A%)"‘(Z) is the shift in the band structure in first- (second-)

order perturbation theory and TZn is a lifetime. The er,

have been obtained from a full pseudopotential band-
structure calculation, where the local pseudopotential of
Cohen and Bergstresser'* was used.

We have evaluated the first-order term of Eq. (8) (A%)n)

in the ‘“virtual-crystal approximation,” i.e., by exact di-
agonalizing!® of the Hamiltonian matrix with averaged
pseudopotentials,

V(G)=(1—x)Vg(Ge)+xVgz(Xx™M) . (6)

The form factors of the group-III acceptors X were es-
timated from the corresponding values for III-V com-
pounds.’3~15  Averaging the results for B, Al, Ga, and In
we obtained a linear blue shift of 32 10~2* ¢V cm~3 for

the gap E, and a linear red shift of 7 10~2* eV cm 3 for

the indirect gap Eg.

For the dopant concentrations considered here
(10°—10% cm™?), these shifts are about one order of
magnitude smaller than the second-order shifts given by

with N representing the number of ionized impurities.

For V™ we have used a screened “hydrogenic”
Coulomb potential.!* Equation (7) was computed by per-
forming a Hilbert transform of the imaginary part of Eq.
(5) and this through direct integration over the Brillouin
zone'"'!3 using the tetrahedron method.!®

Red shifts for both gaps were obtained in this case.
The total shifts arise from a down-shift of the conduction
band and an up-shift of the valence band. A slightly
larger red shift is obtained for the gap E than for the in-
direct gap Eg. This is partially compensated by the first-
order shifts (blue shift in the case of E, and red for Eg).

In addition to the band shifts discussed above, the ex-
change energy of the holes causes a further reduction of
both E; and E,. The numerical values for the hole-
exchange energy, taken from the work of Brinkman and
Rice,!” amount to about 10% of the second-order band
shift. The calculated total gap reduction, which is the
sum of the first- and second-order terms plus the hole ex-
change energy, will be compared with the experimental
data in Sec. IV.

IV. RESULTS AND DISCUSSION

A. Indirect luminescence

Typical indirect-luminescence spectra of p-type ger-
manium are displayed in Fig. 2 for various carrier concen-
trations. This luminescence is due to the recombination
of photoexcited electrons in the L-point conduction-band
minima with holes in the valence band at the T point (see
Fig. 1). The emission band consists of the no-phonon
(NP) replica at shorter wavelengths and the momentum-
conserving longitudinal acoustic (LA) phonon replica at
longer wavelengths as can be seen from the PL spectra of
the samples containing 6x 10'® and 210! holes/cm3.
For the most heavily doped sample (7.8 x 10! holes/cm?),
these two replicas cannot be resolved further and the in-
direct emission band starts to overlap with the direct
emission band at higher energies (see Sec. IVB). The
high-energy cutoff of the luminescence indicates the ener-
gy of the optical gap Eg+Ep, which is the minimum
photon energy required to excite an electron from the
valence band to the conduction band. Here E; is the en-
ergy gap between the top of the valence band and the bot-
tom of the conduction-band minima at the L point and
Er. is the filling of the valence band. The low-energy edge
of the luminescence band represents the band-gap energy
Eg minus the LA-photon energy of 27 meV.

Now we shall discuss the line shape of the indirect-
luminescence spectra. For indirect band-to-band transi-
tions, where momentum conservation is fulfilled by pho-
non participation (LA replica) or by impurities (NP repli-
ca), the emission line shape I(Av) can be expressed by the
convolution of the densities of states D,(E) and D,(E)
weighted by the distribution functions f,(E) and fj(E)
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FIG. 2. Indirect PL spectra of gallium-doped germanium for
various hole concentrations as indicated. Arrows indicate the
high-energy cutoff of the NP line E;+ Er and the low-energy
edge of the LA replica Eg—7fiwra. The spectra were recorded
using a PbS detector at a spectral resolution of 32 A.

(the subscripts e and h stand for electrons and holes,
respectively):>

1)~ [\ fAEXDL(E)fy(hv—Eg—E)
X Dy(hv—Eg—E)E . (8)

In the present case fj(E) is the Fermi distribution func-
tion and, assuming a low density and thermalization of
the electrons, f,(E) can be described by a Boltzmann dis-
tribution. We assume parabolic bands. Including the en-
ergy dependence of the transition probability, which is
neglected in Eq. (8), in the way introduced by Benoit a la
Guillaume and Cernogora,> and applying a Gaussian
broadening that accounts for band-tailing effects, incom-
plete thermalization of the electrons, and the finite resolu-
tion in the experiment,'® the following expression is ob-
tained:

2, —[(hv —hv)/E ]Zdh v

9)

T(hv)~ [ I(hv')hY' —Eq—Ep)~

with E, as the direct-band-gap energy (I',—T,; see Fig.
1) and E; as a broadening parameter.

Figure 3 displays a calculated luminescence spectrum,
which has been fitted to the PL spectrum of the Ge:Ga
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FIG. 3. Experimental spectrum of the indirect luminescence
(solid curve) and calculated emission line shape (dashed curve).
The fitting parameters are given in the text.

sample containing 2 X 10'° holes/cm3. To account for the
overlapping NP and LA replicas in the experimental spec-
trum, two calculated curves were superimposed with a rel-
ative displacement equal to the LA phonon energy. The
parameters obtained from the fit are Er =65 meV, T =25
K, and E;=12 meV. The intensity ratio between the NP
and the LA phonon-assisted recombination was found to
be Inp/I1ao=0.6. The band filling Er deduced from the
line-shape analysis compares reasonably well to the value
of 73 meV calculated for 210! holes/cm® using the
hole density-of-states mass of pure germanium. The tem-
perature of electrons and holes (25 K), obtained from the
fit, is higher than the temperature of the exchange gas (5
K) due to the heating of the sample by the exciting cw
laser beam (power density approximately equals 200
W/cm?). The agreement between the measured and the
calculated spectrum is reasonably good except for the
low-energy edge. But this discrepancy is most probably
due to the crude model used in Eq. (9) to account for
band-tailing effects.

In Fig. 4 the band-gap energy EG and the energy of the
optical gap (Eg +Er) as deduced from the PL spectra are
shown as a function of the hole concentration N,. Figure
4 also displays theoretical curves (see Sec. III) for E; and
Eg+Efp versus N;. The Eg+Ep curve is obtained by
adding the calculated band filling to the theoretical values
for Eg. For the calculation of the band filling, the hole
density-of-states mass of pure germanium of 0.353m,
(Ref. 17) was used. The agreement between the experi-
mental and the calculated values of Eg + Ef is reasonably
good. The reduction of E; with increasing hole concen-
tration found experimentally, however, is smaller than the
calculated gap shrinkage. Nevertheless we should keep in
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FIG. 4. Shift of the direct band gap E,, of the indirect gap
Eg, and of the optical gap Eg+Er versus hole concentration.
The drawn curves show the calculated shrinkage of Ey and Eg;
the dashed line indicates the calculated shift of Eg+Ef (see
Sec. III). The arrows on the vertical scale show the gap energies
E, and Eg in pure Ge. Error bars for the experimental data are
indicated.

mind that for increasing hole concentration the low-
energy edge of the PL band becomes more and more
smeared out and the overall luminescence intensity de-
creases, and therefore the experimental values of Eg be-
come less accurate for larger hole concentrations.

B. Direct luminescence

Besides the indirect recombination radiation at ~1.7
pm, we observe a luminescence peak at ~1.4 um, which
is due to radiative recombination across the gap E,
(I',—T,; see Fig. 1). Typical PL spectra are shown in
Fig. 5 for three different hole concentrations. All three
spectra were taken under identical experimental condi-
tions such as excitation power density. The indirect
luminescence band is strongly distorted due to the cutoff
in sensitivity of the Ge diode at 1.75 um. Therefore the
emission line shape and the relative intensities of the two
replicas are altered compared to Fig. 2. With increasing
hole concentration the direct-luminescence peak broadens
and its low-energy edge shifts to lower energies.

Luminescence from the recombination across the gap
E, was reported earlier for pure germanium under intense
optical excitation.®~!® In this case the direct lumines-
cence is due to the recombination of photocreated, non-
thermalized electrons with photocreated holes. In our
case, however, the holes are present because of the doping
of the material and the number of additional holes created
by the optical excitation is negligible. This difference
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FIG. 5. PL spectra of p-type Ge for various hole concentra-
tions, showing indirect (L,—T,) luminescence and direct
(Fe—T,) gap-E, emission. The spectra were recorded using a
Ge photodiode. The indirect luminescence is distorted by the
cutoff in detector sensitivity at 1.75 um. The sharp structure at
=~1.4 pm is caused by atmospheric water absorption. Spectral
resolution was 24 A.

manifests itself in the properties of the direct-
luminescence band in two ways. First, in heavily doped
p-type material the width and shape of the luminescence
peaks varies with the dopant concentration (see Fig. 5),
whereas for pure samples the shape of the direct peak
only depends on the excitation power density.”!® Second,
in pure material a power density of the order of 1
kW/cm? is required to observe direct emission,'® whereas
in the doped samples used in the present study an excita-
tion density of ~1 W/cm? was sufficient to detect emis-
sion across the gap E,. The dependence on excitation
power density is shown in detail in Fig. 6. For the direct
as well as for the indirect luminescence in heavily doped
p-type material a linear dependence of the luminescence
intensity on the incident laser power is observed. This is
reasonable because an increase of the incident power den-
sity only increases the number of electrons (minority car-
riers). The number of holes (majority carriers), however,
is unaffected by the optical excitation, because the concen-
tration of majority carriers is much larger than the con-
centration of photocreated electron-hole pairs. The inten-
sity of the direct emission in pure germanium, in contrast,
shows in our experiment a much stronger dependence
with an exponent of 3.5.!° Both experiments on pure as
well as on heavily doped samples were performed under
the same experimental conditions.

Another point of interest is the dependence of the
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FIG. 6. Intensity of the direct luminescence versus excitation
intensity for heavily doped p-type and, for reference, for pure
Ge. Excitation intensity of 10° corresponds to an exciting power
density of 400 W/cm?,

direct-luminescence spectra on the exciting laser photon
energy. Figure 7 displays PL spectra of Ge:Ga containing
2 10" holes/cm? for three different exciting photon en-
ergies. Changing from 1.92- to 1.16-eV excitation, the
direct-emission intensity increases by more than one order
of magnitude compared to the indirect luminescence
strength. Decreasing the exciting photon energy to 0.94
eV results in a further increase in the direct-emission in-
tensity, but also the shape of the luminescence band
changes. The peak becomes narrower; the low-energy
edge remains unchanged whereas the high-energy tail
shifts to lower energies.

The ratio of the direct- to indirect-luminescence peak
intensity is shown in Fig. 8 versus exciting photon energy.
Varying from 2.4- to 0.94-eV excitation, an increase of the
relative strength of the direct emission by nearly three or-
ders of magnitude is observed. The resonant behavior can
be understood in terms of a strong dependence of the I',
to L. scattering probability on the excess energy of the
photoexcited electron. For -exciting photon energies
higher than the energy gap E; of 2.2 eV, the excitation of
an electron out of the valence band directly into the L-
point conduction-band minima is possible, which leads to
a strong-indirect and weak-direct emission. For exciting
photon energies below the energy gap E; on the other
hand, electrons can only be excited into the conduction
band I',. For thermalization they have to scatter out of
the T, into the L. minima. The minimum K vector of
the phonons required for such a scattering process in-
creases with decreasing exciting photon energy and there-
fore the scattering probability decreases. This enhances
the number of nonthermalized electrons “trapped” in the
band I', which leads to an increase of the direct emission
compared to the indirect one with decreasing photon ener-
gy. . )
In order to understand the recombination mechanism
for emission across the E, gap, a detailed line-shape
analysis was performed. For momentum-conserving tran-
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FIG. 7. PL spectra of p-type Ge containing 2X 10"

holes/cm® for different exciting photon energies, showing in-
direct (L.—T,) and direct (I'.—I",) emission. Note the
change of the relative intensities and of the direct-luminescence
line shape with varying exciting photon energy. The structure
at ~1.4 um is caused by atmospheric water absorption. Spec-
tral resolution was 24 A for the lowest spectrum and 8 A for the
upper spectra. The indirect luminescence is distorted by the cut-
off in detector sensitivity at 1.75 pm.
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FIG. 8. Intensity ratio (corrected for Ge-detector response) of
direct to indirect emission versus exciting photon energy. The
dashed curve is drawn as a visual aid.



sitions, as one would expect for direct-gap recombination,
the spectral shape of the luminescence band can be ex-
pressed as®

—1
hv—E 0o E Fe

ST k,T,

I(hv)~ (hv—E)'/? [1+exp

—1

h’V~E0—-EFh (10)

b
ks T}

X |1+exp

with a =my/(m,+m,) and b=m,/(m,+m;), T, and
T, the temperature, and Er, and Ep, the quasi-Fermi
level of the electrons and the holes, respectively. m,
denotes the mass of the heavy-hole valence band and m,
the electron mass at the I', conduction band minimum.
The light-hole band will be neglected because of the small-
ness of the light-hole density-of-states mass.!” In the
present case, the electrons in the conduction band I', are
nonthermalized and their density is only small. Therefore
the electron distribution function was approximated by a
Boltzmann distribution with an “electron temperature”
larger than the lattice or hole temperature?! using the “hot
electron” concept of transport theory.?? In addition, the
calculated line shape was convoluted with a Gaussian [see
Eq. (9] to account for band-tailing and lifetime-
broadening effects. A distortion of the emission spectrum
due to reabsorption was neglected for two reasons. First,
the spectral variation of the absorption coefficient for
photon energies slightly higher than the energy gap E, is
relatively small.* Second, the penetration depth of the
exciting light (1 um at 1.16 eV) is smaller than the ab-
sorption length of the emitted luminescence [~2 um
(Ref. 23)] and the diffusion length of the nonthermalized

electrons in the band I, can be assumed to be very small
because of the small lifetime!® and the low mobility in this

heavily doped material.?* Therefore, little influence of
reabsorption on the direct luminescence is expected.

Figure 9 displays a spectrum of the direct luminescence
recorded with high spectral resolution to minimize the ef-
fect of the sharp atmospheric water absorption lines
around 1.4 yum on the emission line shape. To fit the ex-
perimental direct emission spectrum, a combination of
both wave-vector-conserving transitions as described by
Eq. (10) as well as transitions without momentum conser-
vations [see Eqgs. (8) and (9)] was necessary. The break-
down of momentum conservation can be attributed to the
scattering of the carriers among themselves and to carrier
scattering by ionized acceptors.?’> Such a calculated line
shape is also shown in Fig. 9. The parameters used were
Ep, =65 meV and T), =25 K, as obtained from the fit of
the indirect luminescence, and 7T, =250 K. The broaden-
ing parameter used was E;=20 meV and the ratio be-
tween momentum-conserving and momentum-noncon-
serving transitions was 3.0. The high “electron tempera-
ture” reflects, as discussed above, the nonthermalized dis-
tribution of the electrons in the minimum I,.

A similar -.combination of direct transitions with and
without momentum conservation has been observed in
heavily doped p-type GaAs for the recombination across
the gap E(.%° There an intensity ratio between transitions
with and without momentum conservation of 3.3 and a
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FIG. 9. PL spectrum (drawn line) showing emission across
the gap E, (I':—T,) and the gap E¢+Aq (I'.—T,). The ar-
row on the horizontal scale indicates the laser photon energy of
1.16 eV. The sharp structure at ~1.4 um is caused by atmo-
spheric water absorption. The spectral resolution was 3.2 A.
Also shown is the fitted line shape (dotted curve), containing
contributions with (dashed curve with maximum at lower ener-
gies) and without (dashed curve with maximum at higher ener-
gies) momentum conservation. The fitting parameters are given
in the text.

broadening of 35 meV was found for a sample containing
410" holes/cm’. The agreement between the data ob-
tained for p-type GaAs and the data found in the present
study for p-type Ge is surprisingly good, keeping in mind
that in GaAs the gap E, is the lowest one and therefore
the minority carriers participating in the recombination
across the gap E, are thermalized, in contrast to the
present case.

The shift of the gap E,, as determined from the direct-
luminescence spectra, is plotted in Fig. 4 as a function of
the hole concentration. A comparison with the theoretical
results (see Sec. IIT) shows a very good agreement between
the calculated and the experimentally observed shift.

At the high-energy tail of the direct luminescence, two
additional structures appear at 1.049 and 1.141 eV under
1.16-eV excitation (both values refer to a hole concentra-
tion of 210" cm™3; see Fig. 9). For excitation with cir-
cularly polarized light, the angular momentum of the
emitted photon at 1.141 eV has the same direction as the
angular momentum of the dbsorbed photon, whereas for
the photons emitted at 1.049 eV the direction of the angu-
lar momentum is reversed compared to that of the ab-
sorbed light. .

The 1.141 €V peak is assigned to recombination across
the gap Eq+Aq (I',—T, in Fig. 1), where both the elec-
trons and the holes are photocreated. This assignment is
based on the spectral position, which is 290 meV above
the low-energy cutoff of the gap-E, emission. The shift
of this peak as a function of the hole concentration is,
within the experimental error, equal to the shift of the gap

. Ey, indicating a constant spin-orbit splitting A, indepen-
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dent of the doping level. .

The luminescence peak at 1.049 eV can be assigned to
the excitation of an electron out of the light-hole valence
band into the direct-conduction-band minimum immedi-
ately followed by the radiative recombination of this elec-
tron with a heavy hole. Between absorption and emission
no relaxation of the electron within the conduction band
is assumed. Such a process with k conservation is possi-
ble for a momentum of the photoexcited electron smaller
than the Fermi momentum, as is the case for 1.16-eV ex-
citation. Estimating the recombination photon energy for
such a process we obtain 1.051 €V, in excellent agreement
with the experimental peak position. Thereby we used an
E, gap energy of 0.85 eV, as determined from the direct
luminescence (see Fig. 4), and the valence-band structure
calculated by Kane.?® Our interpretation is also consistent
with the observed polarization properties. Dymnikov
et al.?’ showed that, in agreement with our finding, for
excitation of an electron out of the light hole band with
circular polarized light, the recombination of this electron
with a heavy hole gives rise to an emission of photons
with the direction of the angular momentum reversed
compared to the absorbed photons.
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V. CONCLUSIONS

We have studied in heavily doped p-type Ge the influ-
ence of hole concentration on the radiative recombination
across the indirect fundamental gap and the direct band
gap E,. From the luminescence spectra the shrinkage of
both band gaps was determined and compared to the re-
sults of full pseudopotential band-structure calculations.
The emission across the gap E, is found to resonate
strongly for exciting photon energies close to the energy
gap E,. The line shape was calculated assuming a com-
bination of transitions with and without momentum con-
servation. Despite the fact that the recombining electrons
are not thermalized, the properties of the recombination
across the gap E; in p-type germanium are very similar to
the ones of the emission across the fundamental gap in p-
type GaAs.
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