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Abstract: The optical emission spectra from Ge films on Si are markedly different
from their bulk Ge counterparts. Whereas bulk Ge emission is dominated by the
material’s indirect gap, the photoluminescence signal from Ge films is mainly
associated with its direct band gap. Using a new class of Ge-on-Si films grown by a
recently introduced CVD approach, we study the direct and indirect
photoluminescence from intrinsic and doped samples and we conclude that the
origin of the discrepancy is the lack of self-absorption in thin Ge films combined
with a deviation from quasi-equilibrium conditions in the conduction band of
undoped films. The latter is confirmed by a simple model suggesting that the
deviation from quasi-equilibrium is caused by the much shorter recombination

lifetime in the films relative to bulk Ge.

I. INTRODUCTION
Germanium has unique optical properties related to the small separation of 0.14 eV between the
absolute minimum of the conduction band at the L-point of the Brillouin zone and the I'-point
local minimum. Possible perturbation schemes leading to direct or quasi-direct band gap
conditions have been known for a long time. These include n-type doping,' alloying with Sn,>
and the application of tensile strain.’® Over the past few years these approaches have been
contemplated as a possible way to integrate direct gap semiconductors with Si technology,
fueling an intense research effort that culminated in the recent announcement of an optically
pumped Ge-on-Si laser with emission close to 1550 nm.*

A remarkable feature of most published room temperature luminescence studies of Ge-

on-Si films is the dominance of direct gap emission from the I'-point local minimum in the



conduction band to the absolute maximum of the valence band at the same k = 0 wave vector.”™'?
This is in sharp contrast with similar experiments on bulk Ge samples,'® for which indirect gap
emission from the L-minimum is much stronger. In this paper, we present a combined
experimental and theoretical study focused on explaining this discrepancy. We argue that the
difference between films and bulk arises from self-absorption effects, which are far more
important in the bulk case, and—in the case of undoped films—from a deviation from quasi-
equilibrium conditions in the presence of strong non-radiative recombination at the film-
substrate interface. We present an explicit model that accounts for this effect. This peculiar
behavior is the result of the unique properties of Ge, which has a direct gap slightly above the

indirect edge and a carrier diffusion length of almost macroscopic dimensions.

II. EXPERIMENT
We studied Sn-doped Ge-on-Si samples grown by a novel CVD approach recently introduced by
Beeler and co-workers.'* This method is an extrapolation—to ultra-low Sn concentrations—of
the growth procedure introduced by Bauer and co-workers to synthesize Gei.,Sn, alloys."
Briefly, the growth is conducted on high resistivity Si(100) wafers via reactions of digermane
(GeyHp) and deuterated stannane (SnDy4) diluted in Hy.  Films with thicknesses up to several
microns are commonly produced at high growth rates approaching 30 nm/min via reactions of
Ge,Hg with appropriate amounts of SnDy4 at 7=380-400 °C. The incorporation of dopant levels of
substitutional Sn into the Ge-on-Si films at nominal levels of 0.03-0.15% is sufficient to suppress
the traditional layer-plus-island growth mode (Stranski-Krastanov). The resultant layers are
found to exhibit flat surfaces, relaxed strain states, and crystallinity/morphology comparable to
those observed in the intrinsic materials, as evidenced by a range of analytical methods including
Rutherford Backscattering, Atomic Force Microscopy, high resolution x-ray Diffraction,
Secondary Ion Mass Spectrometry and Cross-sectional Transmission Electron Microscopy. The
films can be systematically co-doped with P and B atoms at controlled levels of up to 5 x10"
/em® in situ using the single-sources P(GeHs); and B,Hg. This process produces tunable and
highly controlled atomic profiles of the donor/acceptor atoms by judiciously adjusting the
P(GeHs3)3/Ge,Hg or BoHg/Ge,Hg ratio in the reaction mixture.

Photoluminescence (PL) was measured using a 980 nm laser focused to a ~100 wm spot

on samples with thicknesses on the order of 1um. The average incident power was 200 mW.



The emitted light was analyzed with an /' = 320 mm spectrometer equipped with a 600 lines/mm
grating blazed at 2 um, and collected with a single-channel, LN;-cooled extended InGaAs
detector that covers the 1.3-2.3 um range, well above and below the entire spectral range of Ge-

like emission.

II1. RESULTS AND DISCUSSION

Figure 1 shows the PL signal from a Sn-doped Ge film on Si. The as-grown sample shows no
measurable PL, but after rapid thermal annealing (RTA) at 680°C (which improves crystallinity,
as seen from the narrowing of the x-ray diffraction peaks), followed by a heat treatment under
hydrogen, as described in Ref. 8, the signal is maximized. The RTA treatment causes a tensile
strain due to the thermal expansion mismatch with the Si substrate. In the case of the sample in
Fig. 1, we measured this strain by analyzing x-ray reciprocal space maps, and we obtained & =
0.24%. The main emission feature is assigned to the direct gap Eo. The shoulder at lower
energies corresponds to indirect gap emission. The PL spectrum is virtually identical to that from
a pure Ge film on Si (not shown) grown by the method introduced by Wistey et a/ (Ref. 16). This

confirms that the extremely small
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length of electron-hole pairs in Ge exceeds 0.4 mm, so that reabsorption cannot be neglected, and
since the absorption coefficient is higher for 0.8 eV than for 0.7 eV photons, the observed direct
gap PL is preferentially suppressed. By performing experiments on thin specimens in a
transmission geometry with lamp illumination, for which reabsorption can be easily computed,
Haynes'® generated a "corrected" emission spectrum for bulk Ge, which is shown as crosses in
Fig. 1. This corrected spectrum shows clear peaks corresponding to direct and indirect
transitions, with the direct gap emission being the strongest one. Since our Ge-on-Si films have
thicknesses on the order of 1 um, self-absorption corrections are much less important and the
corresponding spectra should be compared with the "corrected" one from bulk Ge. Thus the
dominance of the direct gap emission in our Ge films is to be expected.

To understand the spectral lineshape and relative shifts, we have modeled the direct gap
emission using a generalized van Roosbroeck-Shockley expression according to which the

emission rate at photon energy E (in units of s’ cm™eV™) is given by*

( n2E* ) 1
R(E):LﬁzhschO‘(E) [E_(EFC_EFV)} 1- (D
eXp kBT -

Here n is the index of refraction, Er. (Er,) is the quasi-Fermi level for the conduction (valence)

bands, and a(E) is the absorption coefficient at temperature 7. The absorption can be written as

Ot(E ) =« (E )[ /, (E ) - I (E )}, where ao(E) is the absorption coefficient for empty conduction

0

bands and full valence bands. This factorization is valid for parabolic bands, for which the Fermi
functions fv(E):1/{1+exp[(Ev(E)—EFV)/kBT}} and

f (E ) = 1/{1 + exp[(E (E ) -E, ) / k,T }} give the occupation probability for the valence band

state of energy E, and the conduction band state of energy E. such that £, - E, = E. In all of these
expressions we use the standard notation for fundamental physical constants. For the function
0o(E) we developed an analytical model, discussed in full detail in the appendix of Ref. 21,
which reproduces the experimental absorption curve over a range of up 0.1 eV above the direct
band gap based on standard band structure parameters, without introducing any additional

parameter to adjust for the absorption strength. As explained in Ref. 21, including excitonic
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The calculations are shpwn for felaxed‘Ge (= 0891 eV, a = 5.82x10™ eV/K, and B =
0) as well as for Ge with a biaxial tensile strain
in the (001) plane (g = 0.2%) 296 K, which reproduces very well the

literature  data and our own
measurements of the direct band gap. For the strain calculations we use the deformation
potentials given in Ref. 21.While the calculated absorption is limited to the direct band gap only,
the conduction band minima at the L points are fully taken into account for the computation of
Er.. The density of states for the L valley is computed using a longitudinal effective mass m;
=1.58my,(Ref. 22) where my is the electron’s free mass, and a transverse effective mass m;
obtained from a standard kep expression with a momentum matrix element P = 12.6 eV, which
gives m; =0.080m, for pure Ge at 300K. The calculated relative populations nr/n; of the two
conduction band valleys, of importance for the subsequent discussion, is shown in Fig. 2 as a
function of the total electron population.
Calculated emission profiles using Eq. (1) are shown as solid lines in Fig. 1. For the bulk
Ge case, we find a good agreement in peak position and overall lineshape assuming that the
sample temperature is 7 =290 K and the photoexcited electron density is less than 1x 10" cm™.
The residual disagreement between theory and experiment may be due to systematic errors in the
self-absorption correction, caused mainly by the fact that the absorption coefficient of Ge in this
spectral range is very strongly dependent on temperature.”” For the Ge-on-Si sample, the
emission is calculated using the measured tensile strain of 0.24% and a sample temperature of
320 K. The tensile strain explains 80% of the red shift with respect to bulk Ge, whereas the

higher sample temperature, which is expected for laser excitation, accounts the remaining 20%.



Most prior experimental work on light emission from Ge-on-Si films is based on standard
Ge or InGaAs detectors with excellent noise-equivalent (NEP) power characteristics but with
cut-offs near 0.7 eV, which make it very difficult to measure indirect gap PL. More recently,
however, researchers using extended range detectors comparable to ours have noticed an
enhancement of the intensity ratio /4i/fing between direct and indirect emission in Ge-on-Si films
relative to bulk Ge uncorrected for self-absorption.'"" Ge;,Sn, films on Si also show a similar
trend.® ° These relative intensity changes have been attributed to the presence of defects, but our
analysis above indicates that the self-absorption correction removes—at least in part— the
discrepancy between bulk and thin-film Ge. Moreover, any model that invokes defects must
provide a mechanism by which the population ratio nr/n; changes, since this ratio determines the
relative intensity /l4ir/Iing 2% This is far from obvious. If quasi-equilibrium conditions prevail in
the conduction band, i.e. if there is a common conduction band quasi-Fermi level Er., the nr/ng
ratio depends only on the temperature, the energy separation between the two valleys, and their
corresponding density of states. The enhancement of non-radiative recombination via defects
reduces the steady-state photoexcitation level nr+n;, but, as seen in Fig. 2, the ratio nr/n; is

3, much higher than can be achieved by

insensitive to nr+nz up to levels close to 1 x 10" cm
photoexcitation. Moreover, from Fig. 2 it is apparent that a decrease in nr+n; would lead to a
decrease in nr/n; and thus to a decrease, not an increase, in Igi/Iing. One might also expect a
decrease in Ig4;/[inq if defects relax the crystal momentum conservation rules and enhance the no-
phonon indirect recombination. Jan et al. argue that the presence of defects lead to a spread of
trap levels in momentum space that enhances the non-radiative recombination from the indirect
edge,'' but it is not obvious how Iyi/li,g might change if quasi-equilibrium is preserved. It
appears that any model based on defects should involve a change in the density of states (which
would require exceptionally high defect densities) or a deviation from quasi-equilibrium
conditions.

If defects don’t play an important role in determining the relative intensities of direct and
indirect emission, we should be able to explain the /g/ling ratios in Fig. 1 based on the valley
population ratios in Fig. 2. We obtain approximate values for /4/[ing by fitting the data with
simple empirical expressions that appear in commercial data analysis packages. For the direct

emission we used exponentially modified Gaussians,* which fit the theoretical profiles in Fig. 1

remarkably well, and for the indirect emission we use a simple Gaussian. The width of the
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annealed at 725 °C (empty circles). Bulk Ge Fig. 1, the large errors arising from the
emission from Haynes (Ref. 17) is shown as
crosses. The solid lines are fits with Eq. (1).
The bulk Ge spectrum has been normalized to alternative expressions for the spectral
the same maximum intensity as that from the
as-grown Ge-on-Si sample.

different results obtained by assuming

background. The higher sample
temperature and tensile strain in the Ge-
on-Si sample enhances its nr/n; ratio with respect to the bulk sample, as seen in Fig. 2. We
compute a theoretical enhancement factor of 2.9, which is less than the experimental
enhancement 7/1.3 = 5.4. This suggests that an additional contribution may be needed to explain
the high /ly;/ing ratio in the Ge-on-Si sample.

To investigate the Iy /ling ratio in more detail we have carried out PL experiments in
doped n-type Ge films. The rationale behind these experiments is that for doping levels close to
10" e¢m™ the nr/n; population ratio should be determined by standard equilibrium conditions
between the two valleys and not by the photoexcitation process. Therefore, if photoexcited
intrinsic films somehow deviate from quasi-equilibrium, their doped counterparts should exhibit
quite different /yi/[ing ratios. The experimental result is shown as solid circles in Fig. 3 for a 1200
nm-thick Ge-on-Si film with a doping concentration of 1.9 x 10" cm™ and vanishing & = 0.05%.
This low level of strain is possible because the RTA step can be omitted due to the PL
enhancement associated with doping. Quite remarkably, the PL spectrum lineshape now looks
much more similar to the emission from bulk Ge, which is also reproduced for convenience in

Fig. 3. In spite of the vanishing strain there is still a significant shift between the two spectra,



which can be explained in terms of band gap renormalization induced by doping. This is
discussed in detain in Sect. V. It does not affect the analysis in this section because doping shifts
the conduction band rigidly.26 The l4ii/Iing for the doped Ge-on-Si sample is 1.7+0.3, clearly
much less than the ratio /4i/Iing = 712 observed in Fig. 1, even though a calculation based on Fig.
2 predicts that the difference between the two ratios should not exceed 25%. Next the sample
was RTA-treated to 725 °C and its post-annealing PL spectrum is shown as empty circles in Fig.
3. The overall intensity increases by a factor of 20, which correlates with a large reduction in the
full width at half maximum of the x-ray diffraction peak, from 0.48° (as grown) to 0.061° (725
°C). This suggests that the improved PL is due to a reduced non-radiative recombination rate,
and explains the failure to observe PL in undoped, unannealed samples. On the other hand, the
Lair/Iing ratio only increases by 50% to 2.6+0.3 after annealing. This can be explained in terms of
the 0.18% tensile strain induced by the annealing process, which leads to a predicted increase of
45% in the nr/n; ratio, in good agreement with the experimental results.

The conclusion from the above experiments is that the results from doped Ge-on-Si films
can be understood in terms of quasi-equilibrium conditions in the conduction band. Consistent
with this model, the elimination of defects via annealing changes the overall intensity
dramatically, but the /4;/I;nq only changes according to the quasi-equilibrium model following the
strain induced by the annealing process. On the other hand, the /4;//ing ratio in intrinsic, undoped
Ge-on-Si films is too large compared with bulk Ge and with doped Ge-on-Si films, suggesting
that in this case there is an additional mechanism that affects this ratio. As mentioned above, the
presence of defects can only be invoked if a mechanism can be identified that generates a
departure from quasi-equilibrium in the conduction band. A model that meets this requirement is

discussed in the next section.

IV. NON-EQULIBRIUM MODEL

The foregoing discussion suggests that quasi-equilibrium conditions may not prevail in the
conduction band of photoexcited intrinsic Ge-on-Si films. We present here a very simple toy
model that provides a mechanism for the departure from equilibrium. We consider a system of
two interacting states, representing the I'-and L valleys. We assume that electrons are being
pumped into the I'-valley at a rate of G electrons/s. This is the case in Ge under 980 nm laser

excitation. The excited electrons will redistribute themselves between the two valleys, and they



will also recombine with holes via radiative and non-radiative channels. The simplest rate

equations that can be written to represent this situation are:

d ( )
i: G_ L_l_i nr_l_LnL
dt kz‘m TJ (.
, (2)
dn 1 1) 1
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L T
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The transfer rates between the valleys are characterized by the time constants 1, and t;r,
and the constants tr and t; represent the recombination lifetimes for each valley. There is of
course an additional coupled equation involving the valence band holes, but at this level of
simplicity this equation is not needed for the argument we are about to make. Eq. (2) is a
generalization of a two-state model introduced by Stanton and Bailey to discuss electron
dynamics in GaAs and InP.”’ If the generation and recombination terms are deleted, it is easy to

show?’ that for arbitrary initial occupations the system of equations has asymptotic solutions for ¢

— oo that imply 7, (oo) / n (oo) =7, / 7, Since this limit corresponds to quasi-equilibrium, the

(- / 7, ratio must equal the ratio nr/n, computed in Fig. 2, which leads to 7, / T, < 10™* for the

total electron concentrations of relevance for this discussion. If we now consider the full Eq. (2),
we note that when steady-state conditions are reached (for example, under illumination with a cw

laser) the time derivatives become zero and we obtain

M _ o T 3)
nL TLF TL

Therefore, one can expect deviations from equilibrium if the second term on the right-
hand side of Eq. (3) is comparable to or greater than 10, Under such circumstances the relative
valley populations cannot be computed using a common quasi-Fermi level. The transfer rate tr;
in Ge has been measured by time-resolved inelastic light scattering, and its value is 1, = 1.2

ps.28 On the other hand, the recombination time t; can be associated with the minority carrier
lifetime, which in bulk Ge is about 30 us.lg Thus for bulk Ge T, / T, is 4 X 10'8, and the second
term in Eq. (3) is much smaller than the first term. In other words, deviations from quasi-thermal

equilibrium in bulk Ge are negligible, and the PL spectrum can be calculated by assuming a

unique quasi-Fermi level for the conduction band.



The situation is very different in Ge-on-Si materials due to the presence of a surface and

10



an interface. The recombination velocity s at a bare Ge surface is about 140 cm/s.”’ On the other

11



hand, the interface recombination velocity at a dislocated
Si-Ge interface can be as high as s = 4000 cm/s.”® Using

this value for a film thickness W = 1 um, the effective

lifetime becomes 7, = W/2s = 12 ns, so that T, / (e 10
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Figure 4: Room temperature PL  the /gi/ling PL ratio would be enhanced proportionally. (Of
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samples. Doping concentrations are ~ course, both nr and n, decrease in absolute terms for
p++=1x10" cm™ (Sample A and C),
p=1x10" cm” (sample B) and p =
1x 10" ¢cm™ (Sample C). Thicknesses
are 830 nm (Sample A), 730 nm
(Sample B) and 960 nm (Sample C).  Interestingly, from studies of Ge;,Sn, devices with a
In sample C the p++ and p layers have

equal thickness. All samples were thickness W = 300 nm we find recombination lifetimes

subjected to three cycles of post- . 31 .
growth RTA at 680 °C (10 sec each). approaching 5 ns,” very close to our estimates based on

shorter recombination lifetimes, so that the overall PL

intensity is reduced, as also observed experimentally).

interface recombination velocities. In Fig. 4 we show PL

spectra from three different p-type samples. These samples

have comparable total thicknesses but different doping
profiles. Sample A is highly doped (p = 1x 10" cm™), whereas sample B has much lower doping
(p = 1x 10" cm™). The integrated PL intensity of sample B is six times weaker than that of
sample A, in reasonable agreement with the doping concentrations. Sample C is a back-surface-
field (BSF) type of structure, in which the bottom half of the Ge layer is highly doped (p = 1%
10" cm™) and the top half is very lightly doped (p = 1x 10'7 ecm™). Accordingly, emission from
the top layer should be much weaker than that of sample B, and emission from the bottom layer
should be significantly weaker than that of sample A because this layer is thinner and it is
located ~500 nm below the surface. However, we see that PL from sample C is strong, and that
the peak energy is higher than that of sample A. This suggests that most of the emission actually
originates from the top layer, where band gap renormalization due to doping should be
negligible. We associate this higher than expected emission from the top layer to the built-in
potential in the BSF structure, which repels the photoexcited electrons in the lightly doped layer
away from the Si interface. This behavior is consistent with the above suggestion that defects at

the Si interface are the main cause of non-radiative recombination in these structures.
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Notice that the /4ir/Iing ratios in the p-doped samples are very high, to the point that the
indirect gap signal is difficult to quantify. This is qualitatively consistent with the above analysis,
since only in n-type samples we would expect ratios approaching the equilibrium conditions
depicted in Fig. 2. However, a quantitative comparison of /yi/linq ratios between n-type and p-
type Ge-on-Si layers may not be straightforward, since even in highly doped p-type bulk Ge
Wagner and Vifa observed a laser wavelength dependence of the Zgi/ing ratios.>? In the Wagner-
Vifia experiment these ratios were found to increase as the electrons become preferentially
pumped into the I" valley, the situation mimicked by Eq. (2). Thus our simple model may explain
the experimental observations not only in Ge-on-Si materials but also on very highly doped p-
type bulk material. In this latter case there are no interfaces with high recombination rates, so
that the dominant non-radiative recombination mechanism should be associated with defects

induced by the heavy doping.

V. BAND GAP RENORMALIZATION

As briefly hinted above, we might expect the emission maximum of the as-grown doped Ge-on-
Si film in Fig. 3 (dark circles) to be much closer to that of bulk Ge than the PL. maximum of the
intrinsic, tensile strained quasi-Ge sample in Fig. 1. Surprisingly, the opposite is true. The
emission maximum in the doped quasi-Ge sample is located at 0.755 eV, whereas the emission
maximum for the intrinsic quasi-Ge sample in Fig. 1 appears at 0.778 eV. A possible explanation
is that the presence of dopant atoms shifts the absorption edges in Ge, as has been shown in
absorption measurements, where a clear redshift is detected.”® Recent PL work on P-doped Ge
also shows a redshift as a function of the P concentration, although its quantification is difficult
because the PL maximum is near the cutoff wavelength of the detector used by these workers.*
On the other hand, PL experiments using doped Ge-on-Si films show no such shift.” The redshift
we observe cannot be explained in terms of poor crystallinity, since the peak shifts further to
lower energies upon annealing, as seen in Fig. 3 (white circles). To quantify this effect we
simply allowed for an adjustable rigid energy shift of the absorption coefficient. The fit redshifts
are then 40 meV for the doped, as grown sample in Fig. 3 and 47 meV for the same sample
annealed at 725 °C. These are close to the redshift of 37 meV in the direct gap absorption
observed by Haas for a P-doped Ge sample at a level of 1.95x10" ¢cm™.* To confirm this

correlation we carried out additional PL experiments in samples with different doping levels. The
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results are shown in Fig. 5. The overall
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Figure 5: Room temperature
photoluminescence spectrum from Ge-on-
systematic error associated with the two si films with different P  doping
different methods of band  gap concenjcrations. The ‘solid linesh are
theoretical fits to the direct-gap emission.
determination. We believe that these results  The inset shows the redshift needed to
adjust the spectra, compared with
absorption measurements of the direct gap
redshifts observed in our samples are  renormalization induced by P impurities in

the absorption shifts, which may reflect a

provide a strong indication that the

indeed caused by the dopant atoms and that the same mechanism is responsible for the shift in
emission and absorption energies.

It is important to emphasize that band gap renormalization effects are not limited to the
band minima where the donor electrons happen to reside. The shifts are caused by the
perturbation associated with the presence of foreign atoms,’® which changes the entire band
structure. In Haas' absorption experiments, the indirect edge is seen to redshift by the same
amount as the direct edge.”® This is a non-trivial result which implies that the nr/n; ratio is not
affected by renormalization effects, justifying our comparison above of /gi/ling ratios in doped
and undoped samples. In the PL experiments, however, the separation between the direct and
indirect maxima decreases from 118 meV in the bulk case to 99 meV in the doped quasi-Ge
sample. We don't think this is inconsistent with a rigid shift of the two edges because the

lineshape of the indirect gap emission may be affected by the presence of impurities.

VI. CONCLUSION
In summary, the new experimental data presented here and the associated analysis

indicate that the dominance of direct gap emission in Ge-on-Si films is due to two different

14



effects. In all Ge-on-Si thin films, the lack of significant self absorption effects enhances the
relative intensity of the direct gap emission in the experimental spectra. In n-doped Ge-on-Si
films we find no evidence for any other contribution to the enhancement of direct gap emission.
In intrinsic or p-type Ge-on-Si films, where the electron population in the conduction band is
produced by photoexcitation, there appears to be an additional enhancement of the direct gap
emission relative to the indirect gap emission that suggests a departure from quasi-equilibrium
conditions. A model is proposed to account for this departure in terms of a much shorter
recombination lifetime than in bulk Ge. The I4/[ing ratio in intrinsic and p-type materials then
becomes a useful figure of merit to assess the quality of the material for possible laser
applications.

This work was supported by the U.S. Air Force under contract DOD AFOSR FA9550-06-01-
0442 (MURI program) and by the National Science Foundation under grant DMR-0907600.
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