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I Nanomembranes

Tensilely Strained Germanium Nanomembranes as
Infrared Optical Gain Media

C. Boztug, J. R. Sanchez-Pérez, F. F. Sudradjat, RB Jacobson, D. M. Paskiewicz,
M. G. Lagally,* and R. Paiella*

The use of tensilely strained Ge nanomembranes as mid-infrared optical gain media
is investigated. Biaxial tensile strain in Ge has the effect of lowering the direct energy
bandgap relative to the fundamental indirect one, thereby increasing the internal
quantum efficiency for light emission and allowing for the formation of population
inversion, until at a strain of about 1.9% Ge is even converted into a direct-bandgap
material. Gain calculations are presented showing that, already at strain levels of
about 1.4% and above, Ge films can provide optical gain in the technologically
important 2.1-2.5 um spectral region, with transparency carrier densities that can
be readily achieved under realistic pumping conditions. Mechanically stressed Ge
nanomembranes capable of accommodating the required strain levels are developed
and used to demonstrate strong strain-enhanced photoluminescence. A detailed
analysis of the high-strain emission spectra also demonstrates that the nanomembranes
can be pumped above transparency, and confirms the prediction that biaxial-strain
levels in excess of only 1.4% are required to obtain significant population inversion.

particularly promising in this context, because the relatively
small energy difference (141 meV) between its direct (') and
indirect (L) conduction-band minima can be further reduced
through the application of biaxial tensile strain, until, at
a strain level of about 1.9%, Ge is converted into a direct-
bandgap material.'”71 As a result, in the presence of optical

1. Introduction

The development of group-IV semiconductor lasers that can
be fabricated on Si chips in a CMOS-compatible fashion
has long been a major goal of research in optoelectronics,
as these devices could enable the monolithic integration of
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electronics and photonics on an unprecedented scale. The
main challenge is to obtain efficient light emission from
group-IV materials such as Si, Ge, and related alloys, because
these materials have indirect energy bandgaps, resulting in
exceedingly low radiative recombination rates. Germanium is

C. Boztug, Dr. F. F. Sudradjat, Prof. R. Paiella

Boston University E' E__
Boston, MA 02215, USA 3
E-mail: rpaiella@bu.edu .
J. R. Sanchez-Pérez, RB Jacobson, D. M. Paskiewicz, EL
Prof. M. G. Lagally -
University of Wisconsin-Madison
Madison WI 53706, USA

E-mail: lagally@engr.wisc.edu

DOI: 10.1002/smll.201201090

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

or electrical pumping, a large population of conduction band
electrons can be established in the T" valley, where they can
efficiently recombine via interband light emission. For the
same reason, population inversion and therefore optical gain
across the direct energy bandgap also become achievable in
Ge at sufficiently high tensile-strain levels.

Under such strain conditions, the bandgap energy of Ge
also red-shifts into the mid-infrared (IR) spectral range (e.g.,
to a wavelength of about 2.6 um at 1.9% tensile strain).l!
Therefore tensilely strained Ge is a promising candidate for
the development of efficient mid-IR light sources that can be
monolithically integrated with CMOS electronics. In turn, a
wide range of important applications exists for these devices,
particularly in the area of biological and chemical sensing
(e.g., for trace-gas detection, environmental monitoring,
medical diagnostics, and industrial process control), as well as
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spectroscopy and secure free-space optical communications.!®!
For example, group-IV mid-IR lasers may enable the devel-
opment of highly integrated optical sensors comprising the
required light sources, optics, and detectors, as well as read-
out and data-processing electronics all on the same materials
platform. Such systems could provide unparalleled miniaturi-
zation compared to existing hybrid solutions, and therefore
be employed in presently inaccessible environments. It should
also be noted that the emission band of tensilely strained Ge
active layers (around the 2.1-2.5 um atmospheric transmis-
sion window) lies at the boundaries between what is currently
covered by high-performance interband diode lasers on the
short-wavelength side and intersubband quantum cascade
lasers at longer wavelengths.[’l Besides their inherent CMOS
compatibility, these materials are therefore attractive for the
purpose of extending the overall spectral reach of mid-IR
optoelectronics.

Motivated by these considerations, researchers have
investigated several approaches in recent years to introduce
the required levels of tensile strain in Ge films of high crystal-
line quality. Unfortunately, pseudomorphic growth of Ge on
SiGe templates produces epilayers under compressive rather
than tensile strain, because the in-plane lattice constant of Ge
is larger than that of SiGe. Alternative growth template mate-
rials such as SiGeSn>!% or InGaAs[''2l can be employed,
at the expense, however, of increased complexity of the epi-
taxial process and (in the case of InGaAs) limited prospects
for CMOS compatibility. A small amount of tensile strain
(0.25%) can also be introduced in plastically relaxed (i.e.,
containing many dislocations) Ge films grown on Si, by using
an annealing process to take advantage of the difference in
thermal expansion coefficients between Si and Ge.[*!3l Such
low strain levels are insufficient to enable population inver-
sion, but can be complemented with the use of highly degen-
erate n-type doping to raise the electronic quasi-Fermi level.
With this approach, a Ge laser has, in fact, been demonstrated
recently,[3] although the need for heavy doping is undesir-
able as it necessarily results in high optical losses due to free-
carrier absorption and limited radiative efficiency due to Auger
processes (i.e., recombination via carrier-carrier scattering).

An alternative method to introduce strain in crystalline
Ge is the application of external mechanical stress. In the case
of bulk samples, this approach can only produce relatively low
tensile-strain levels (e.g., about 0.6% in the work of Ref. [14])
before the onset of significant extended-defect formation. In
contrast, single-crystal free-standing nanomembranes (NMs)
can provide substantially larger strain thresholds for plastic
deformation and cracking, by virtue of their nanoscale thick-
nesses and therefore proportionally small strain energy under
stress.'>] These nanostructures can be produced in a variety of
materials systems, based on a fabrication process that has been
developed in the past few years for a wide range of applica-
tions.'o23] Recently, we have reported a strong increase in
photoluminescence (PL) efficiency and a large red shift in
emission wavelength with increasing tensile strain using Ge
NMs mechanically stretched with high-pressure gas.?l A
maximum tensile strain of over 2% in a 24-nm-thick NM was
also demonstrated, above the accepted threshold("7] for the
formation of direct-bandgap Ge. These Ge NMs are highly
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luminescent already at room temperature, can be strained
to a level where degenerate doping is no longer required to
achieve population inversion, and are directly compatible with
light emission via electrical injection (e.g., with a lateral p-i-n
junction geometry). Their integration with CMOS electronics
can in principle be realized using suspended-beam structures
based on MEMS technology (as described in a recent theoret-
ical study),®! or through the subsequent deposition of suitable
stressor layers (an approach that has recently been pursued
with micron-scale-thickness Ge wires>”! and films[2°]),

In this article, we first present a detailed theoretical study
of the optical gain properties of tensilely strained Ge NMs.
As expected from the strain dependence of the Ge band
structure, the transparency carrier density N, (defined as
the carrier concentration needed to reach population inver-
sion) is found to decrease rapidly with increasing biaxial
tensile strain. At the same time, relatively large peak gain
coefficients of several 100 cm™' become accessible with rea-
sonably low densities of injected carriers, on the order of a
few 10'® cm™. Next, we present strain-enhanced PL meas-
urement results obtained with a 57-nm-thick Ge NM under
external biaxial mechanical stress. The experimental emis-
sion photon energies are mapped as a function of strain, and
found to be in excellent agreement with theoretical expecta-
tions. A quantitative analysis of the emission spectrum at the
highest strain measured in this NM (about 1.4%) is also car-
ried out, which allows inferring the quasi-equilibrium carrier
density N produced by the PL pump pulses in the NM. The
resulting estimate suggests that in this experiment the NM
is already pumped above transparency (i.e., N > N,), albeit
with a relatively small population inversion corresponding to
a calculated peak gain coefficient of less than 10 cm™. This
tensile strain level of 1.4% can therefore be identified as a
lower bound for what is required to obtain optical gain in
Ge NMs under realistic pumping conditions, even though it
is substantially smaller than the threshold for direct-bandgap
behavior (1.9%). Higher strain levels can be introduced in
even thinner NMs because they have a higher threshold for
plastic deformation. To illustrate, we present PL data previ-
ously measured with a 40-nm-thick NM at near 1.8% tensile
strain,/? and show that a large population inversion (corre-
sponding to a peak gain of about 250 cm™!) can be inferred
from these data. If placed in a suitable cavity for optical
feedback, such tensilely strained Ge NMs can therefore be
expected to provide adequate gain for the development of
CMOS-compatible lasers in the technologically important
2.1-2.5 um atmospheric transmission window.

2. Results and Discussion

The optical-gain spectrum of tensilely strained Ge due
to electronic transitions between the conduction-band I’
minimum and either the heavy-hole (HH) or the light-hole
(LH) valence band is calculated as follows:?7]

g = o [ |Mpy (B2 o (B Lo - fi
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In this equation, v, is the optical frequency, M1m (Ez)
is the polarization-dependent momentum matrix element,
p,(E,;) is the reduced density of states, f; and f, are the occu-
pation probabilities of, respectively, the valence-band and
conduction-band states of equal momentum and energy dif-
ference E,;, and &(hvy—E,;) is the lineshape function that
describes gain broadening. Finally, the constant C is given
by C = a’h Frmpem where n is the refractive index of Ge, g the
electron charge h Planck’s constant, g, the permittivity of
free space, ¢ the speed of light in vacuum, and m,, the elec-
tron charge. The momentum matrix element is different
for transverse electric (TE) and transverse magnetic (TM)
polarizations, which are defined, respectively, as linear in the
directions parallel and perpendicular to the plane of the NM.
The total gain spectrum for either polarization is computed
by evaluating Equation (1) for both direct conduction-to-
light-hole band (cI'-LH) and direct conduction-to-heavy-hole
band (cI'-HH) transitions and then adding the results.

In the following we assume parabolic energy bands, so
that the expression in Equation (1) only depends on a few
well established materials parameters, namely the bandgap
energies, the effective masses, and the momentum matrix ele-
ments. These parameters vary as a function of biaxial strain €
(defined as the fractional change of the in-plane lattice con-
stant from its equilibrium value), and their strain dependence
can be determined using data from the literature. In partic-
ular, the bandgap energies are calculated from standard for-
mulas?’28] in terms of the deformation potentials a,, a,, Z, +
Z,/3, and b (which describe, respectively, the strain-induced
shift of the average valence-band maximum, the conduction
band minimum at I', the conduction band minima at L, and
the splitting of the valence bands at T'). The specific values
of the deformation potentials used in the simulations were
chosen in accordance with available theoretical and experi-
mental datal>329-32 and are listed in Table 1, together with
the values of the unstrained direct and indirect bandgap ener-
gies (E,r and E, ), spin-orbit splitting (A), and elastic moduli
(Cyy and Cpy).

In Figure 1la we plot the calculated bandgap energies
between the T" or L conduction-band minima and the HH or
LH valence-band maxima versus strain €. The application of
tensile strain (i.e., £ > 0) is found to decrease all four bandgap
energies, but at different rates, while at the same time lifting
the degeneracy of the valence bands at T" (with the LH band

Table 1. Materials parameters used to compute the strain-dependent
bandgap energies of Ge.

blev] 2162
a,[eV] 1.2413:2931]
aeV] —8.243:29.31]
Eg4+E,/3[eV] _2.3413.30
EyrleV] 0.8020%2
EgleV] 0.66152
AleV] 0.29082
C4[GPa] 128.53%
C,,[GPa] 48.2612

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C. Boztug et al.

0.8
S 07
25
2067
cC 4 N
w
0.5]—crLH ---cL-LH
j—cr-HH = -cL-HH 3
00 05 10 15 20
Strain [%]
0%
r L
\_——/
HH
£=2%
r L
\-/
7N
HH
(c)

Figure1. (a) Calculated bandgap energies betweentheT orLconduction-
band minima and the HH or LH valence-band maxima, plotted as a
function of strain. (b) Schematic band structure of unstrained Ge.
(c) Schematic band structure of Ge under 2% biaxial tensile strain. In
(b) and (c), the relative positions of all band edges correspond to their
calculated values.

pushed to higher energy relative to the HH one). The forma-
tion of direct-bandgap Ge is observed in this figure as the
crossing of the direct- and indirect-bandgap energy curves at
a strain of about 1.9%. To illustrate these results further, the
schematic band structures of unstrained Ge and Ge under
2% tensile strain are plotted in Figures 1b and c, respectively,
where the relative positions of the band edges correspond
to their computed values. For 2% tensile strain, the I" valley
lies below the L valleys, so that under optical or electrical
pumping a large fraction of the injected electrons can ther-
malize near the I' minimum and therefore contribute to the
optical gain. In the expression of Equation (1), this behavior
is included through the conduction-band occupation proba-
bility f,, which is computed (for any given density of injected
electrons N) by populating all the available states in both
I' and L valleys according to a single quasi-Fermi distribu-
tion. Throughout this work we consider undoped Ge at room
temperature.

Of the remaining materials parameters needed to eval-
uate Equation (1), the electron and hole effective masses
of Ge are obtained as a function of strain based on a linear
interpolation of the values reported in Refs. [2] and [6].
The momentum matrix elements of the cI'-HH and cI'-LH
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transitions for TM- and TE-polarized light are calculated as
follows:[]

|Mryer—nu|* = 0
3
M

|Mraer—a|’ = 3£. M2

2
|Mrgcr—nn| =

@)

|MTE,cF—LH|2 = S(1-f)M;

2
where the bulk momentum matrix element M, is evaluated
as described in Ref. [28] and

1 A/3 — 6be
fz_5<1+JA2 )

— 4be A + 36b%e?

It follows from these equations that cI'-HH transitions
can only emit and amplify TE-polarized light, whereas cI"-LH
transitions generally couple to both states of polarization.
Furthermore, because f, is a monotonically increasing func-
tion of € (given that b < 0), the latter transitions become
increasingly TM polarized as more and more tensile strain
is introduced in the NM. This behavior is particularly impor-
tant, because at high tensile strain the valence-band splitting
illustrated in Figure 1c (with the HH band pushed to lower
electron energy compared to the LH one) causes most of the
injected holes to thermalize into the LH band. As a result,
the overall emission and gain of Ge NMs under high tensile
strain is predominantly TM polarized.

Exemplary gain spectra for both polarizations and both
c['-HH and cI'-LH transitions are shown in Figure 2. The
tensile strain € and the carrier density N used in these cal-
culations are 1.78% and 3.9 x 10'® ¢cm™, respectively, which
correspond to actual values measured with a mechanically
strained, optically pumped Ge NM (as described in the fol-
lowing). Inhomogeneous broadening is also included through
a Gaussian lineshape function &(hvy—E,;), whose spectral
width is determined from the standard deviation of the meas-
ured NM strain. Consistent with the discussion of the pre-
vious paragraph, the largest gain contribution in Figure 2 is

®)
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Figure 2. Calculated TE and TM optical-gain spectra due to cI-LH
and cI'-HH transitions in Ge under 1.78% biaxial tensile strain, in the
presence of a density of injected carriers of 3.9 x 108 cm—.
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Figure 3. Peak TM gain coefficient due to cI'-LH transitions in tensilely
strained Ge, calculated as a function of carrier density for different
strain values.

provided by the cI'-LH transitions for TM-polarized light.
TE-polarized photons can also be amplified via the same elec-
tronic transitions, but with an order-of-magnitude lower gain
coefficient (due to the proportionally lower TE momentum
matrix element). In contrast, the carrier concentration used
in these calculations is not enough to obtain gain from the
cI’-HH transitions, because the HH band has a much lower
energy (and hence smaller hole population) than the LH
band at 1.78% tensile strain.

The peak gain coefficient provided by the cI'-LH transi-
tions for TM-polarized light is plotted in Figure 3 as a func-
tion of injected-carrier density, for several different values of
the applied tensile strain. At the lowest strain considered in
this figure (1%), no appreciable gain is obtained even under
extremely high pumping conditions (i.e., for N > 10!° cm™).
As the strain is increased, peak gain values of several
100 cm™! are obtained with lower and lower densities of
injected carriers.

In the same strain regime, transparency carrier densities
N, on the order of a few 10'® cm™ are computed, as illustrated
in Figure 4a, where N, is plotted as a function of &. It should
be noted that these values of peak gain coefficient and trans-
parency carrier density are comparable to those of traditional
optical gain media based on I1I-V semiconductors,?”?%! indi-
cating that tensilely strained Ge NMs are similarly suited to
the development of diode lasers. In Figure 4b we plot the cal-
culated wavelength of maximum gain (at a fixed carrier den-
sity of 5 x 10™ ¢cm™) versus strain. A strong red shift with
increasing tensile strain is observed, consistent with the strain
dependence of the bandgap energies shown in Figure la. It
follows from this plot that stimulated emission across the
entire 2.1-2.5 um atmospheric transmission window can be
obtained in the low-transparency strain regime.

We have also experimentally investigated the use of
biaxial tensile strain in mechanically stressed Ge NMs to
increase light emission efficiency and enable optical gain. The
samples used in these measurements are fabricated by first
releasing the top Ge layer of a (001) Ge-on-insulator (GOI)
substrate via etching of the underlying oxide layer. The
resulting free-standing NMs are then transferred and bonded
onto flexible polyimide (PI) films using liquid PI as a glue
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Figure 4. Transparency carrier density (a) and wavelength of maximum
TM gain (b) of tensilely strained Ge, calculated as a function of tensile
strain. In (b) a density of injected carriers of 5 x 10'® cm~ is assumed.

layer, followed by a wet etch to reduce the NM thickness to
the desired value. An optical micrograph of a Ge NM bonded
on a PI film is shown in the inset of Figure 5. In the strain-
resolved optical measurements described below, the NM-on-
PI film is used to seal an otherwise rigid cavity, which is then
filled with high-pressure gas. As a result, the PI film and the
attached NM are mechanically stretched in a highly control-
lable fashion, producing a state of biaxial strain that depends
on the gas pressure in the cell.

The amount of strain introduced in the NM with this
arrangement is determined as a function of gas pressure via
Raman spectroscopy. A representative strain-stress curve
measured with a 60-nm-thick NM is shown in Figure 5. The
small amount of compressive strain observed near zero pres-
sure is due to Pl-substrate curing effects. As the sample
mount is pressurized, the average tensile strain is found
to increase linearly with the applied stress (as expected in
the elastic region of the stress-strain curve in the absence
of delamination), up to the maximum measured value of
1.42%. Similar measurements with other NMs indicate that,
as the gas pressure is further increased, the average strain
eventually saturates, due to the formation of cracks in the
NM that produce strain relaxation via plastic deforma-
tion in their immediate vicinity.?*! The maximum achiev-
able average strain tends to increase with decreasing NM
thickness. Specifically, because the amount of strain energy
stored in the NM is directly proportional to its thickness,
when very thin compared to the substrate, the NM contains
insufficient strain energy to drive defect formation.[">] These
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Figure 5. Strain versus stress curve for a 60-nm-thick Ge NM, as
determined via Raman measurements. The inset shows an optical
microscopy image of a similar NM bonded on a PI film. The array of
etchant access holes used in the NM release process is clearly visible.

considerations underscore the importance of nanoscale
thicknesses in the present context.

In Figure 6 we show several room-temperature PL
spectra of a NM of similar thickness (57 nm) at different
strains, whose values were inferred from the applied gas pres-
sure using the data of Figure 5. As the strain is increased,
the emission peak is significantly red-shifted and develops
a pronounced long-wavelength shoulder (as indicated by
the two arrows in the figure). As explained in the following,
the main peak and the shoulder are associated, respectively,
with cI'-HH and cI'-LH emission, with the latter contribu-
tion extending into the 2.1-2.5 um atmospheric transmission
window at high strain. At the same time, the integrated PL
intensity strongly increases with increasing strain, indicating
enhanced light emission efficiency. This behavior is consistent
with the aforementioned lowering of the I'-point conduction
band edge relative to the L-valley minima with increasing
tensile strain, so that more and more of the photoexcited
electrons relax near the I' minimum, where efficient radiative

120

100

A O @
o O O

Emitted Light [a.u.]
3

0

121416 18 2022 24

Wavelength [um]

Figure 6. Measured room-temperature PL spectra of a 57-nm-thick Ge
NM at different strains. The spectra are shifted vertically relative to one
another for the sake of illustration clarity. The dashed arrows are drawn
to illustrate the red-shift of the cI"-LH and cI'-HH PL peak positions with
increasing strain.
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Figure 7. (a) Peak emission energies obtained by fitting the PL spectra
of Figure 6 (symbols) and calculated bandgap energies (lines), plotted
as a function of strain. (b) Measured PL intensities due to cI'-LH and

cI'-HH transitions and their sum (obtained by fitting the PL spectra of
Figure 6), plotted as a function of strain.

recombination can take place. Similar results were obtained
using a thicker (84 nm) NM, with slightly smaller values of
the maximum average strain and of the corresponding red
shift in the PL spectrum. Vice versa, a larger amount of ten-
sile strain could be introduced in thinner (40 nm) NMs, as
discussed below.

In order to compare the PL data of Figure 6 with theoret-
ical predictions, the measured spectra were normalized to the
spectral response of the experimental setup, and then numeri-
cally fitted with multiple Gaussian peaks. The peak photon
energies of the resulting fitting curves are plotted as a func-
tion of strain in Figure 7a (symbols) together with the calcu-
lated bandgap energies from Figure 1 (solid lines). In general,
all four transitions shown in the figure (i.e., direct and indirect
transitions involving HHs and LHs) contribute to the lumines-
cence spectra. However, depending on their relative strengths
and spectral positions, some of these contributions could not
always be resolved in the data analysis, so that the measured
spectra could only be fitted with two or three peaks. In any
case, the agreement between the experimental peak emission
energies and the theoretical bandgap energies in Figure 7a
is quite good. These numerical-fit results demonstrate a very
large strain-induced red shift of the cI'-LH transition, from
1526 to 2166 nm as the strain is increased to 1.42%.

In Figure 7b we plot the strain dependence of the meas-
ured direct-bandgap PL intensity, together with its individual
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c[-HH and cI'-LH contributions where distinguishable, as
obtained from the integrated areas under the corresponding
fitting peaks. A small but non-negligible signal is already
observed near zero strain, due to the relatively high-power
pump pulses used in this experiment. As the NM is strained,
the PL intensity increases as expected, with the cI'-HH
transitions providing the dominant contribution, despite
the higher energy and therefore larger hole occupancy of
the LH band under tensile strain. This behavior is a conse-
quence of the aforementioned polarization selection rules:
most photons emitted via c['-LH transitions under tensile
strain are TM polarized, and therefore propagate on the
plane of the NM and cannot be detected in our experimental
setup (where the PL signals are collected along the sample
surface normal). For example, calculations based on Equa-
tions (2) and (3) show that at 1.42% strain |M .4 is
about 12 times larger than [M . 4>, implying that the TM
PL intensity emitted via cI'-LH transitions is stronger than
the TE component by the same factor. Conversely, at zero
strain all polarizations have equal emission probability in a
cubic crystal and the luminescence is isotropic. We can there-
fore conclude that the overall strain-induced enhancement
in total cI'-LH PL intensity (including the TM component)
is much larger than shown in Figure 7b (where only the
TE component is plotted). In contrast, the light emitted via
cI'-HH transitions is entirely TE polarized but experiences
a smaller enhancement with increasing strain, because the
lowering of the HH band below the LH band decreases the
population of HHs. In fact, eventually this trend more than
compensates for the strain-induced increase in electron den-
sity at I', and the c['-HH PL intensity begins to decrease, as
can be seen in Figure 7b.

Finally, the theoretical framework presented in this work
is used to fit the experimental PL spectra in order to infer the
quasi-equilibrium carrier density N produced by the pump
pulses in the NM. In particular, we apply this procedure to
the spectrum measured at the highest strain tested (1.42%),
where the cI'-LH and cI'-HH emission peaks can be clearly
resolved. As a result, N can be uniquely determined based
on the relative strength of these two contributions, which are
calculated using the following general expression for the TE-
polarized spontaneous emission spectrum:[*7]

Rsp (hvo) = K”Wo/ | Mrg (]521)|2 pr (Exn) fz 1- fl]

& (hvg — Ey) dEn

4)

In this equation, K is a constant that in practice depends
on the collection efficiency of the PL measurement setup,
among other factors, and all other symbols are as defined
in Equation (1). Once again, parabolic energy bands are
assumed, and the relevant materials parameters are calcu-
lated as discussed previously. For a more realistic description
of the actual experimental sample, the spectrum of Equation
(4) is initially computed [with a Lorentzian lineshape function
&(hvy—E,;) accounting for lifetime broadening] as a function
of strain, and then convoluted with a Gaussian strain distri-
bution with mean value and standard deviation based on the
Raman spectroscopy results. The only fitting parameters used
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Figure 8. (a) Normalized PL spectrum of the NM of Figure 6 at a strain
of 1.42% (symbols) and calculated TE-polarized spontaneous emission
spectrum (solid line). (b) Normalized PL spectrum of a 40-nm-thick
Ge NM at a strain of 1.78% (symbols) and calculated TE-polarized
spontaneous emission spectrum (solid line).2 The dashed lines
are the Gaussian fits to the experimental data. The insets show the
calculated TM gain spectra of Ge at the corresponding strain levels and
carrier concentrations inferred from the fits.

in these simulations are the prefactor K and the carrier den-
sity V.

The calculated room temperature emission spectrum
including both cI'-LH and c['-HH contributions is plotted in
Figure 8a (solid line) together with the normalized PL data at
1.42-% strain (symbols) and the double-Gaussian fit used in
Figure 7 (dashed lines). The agreement with the data is rea-
sonably good, except for the dip between the two peaks in the
theoretical spectrum, which can be attributed to the assump-
tion of parabolic valence bands. In reality, as we move down
in energy from the top of the LH band towards the top of the
HH band, the LH band becomes increasingly nonparabolicl®]
as illustrated in the schematic band diagram of Figure 1c;
as a result, its curvature decreases, leading to an increased
joint density of states p, and therefore increased light emis-
sion. Furthermore, a small discrepancy in the peak positions
of the calculated and measured spectra is also observed in
Figure 8a, which can be due to small heating of the NM by
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the strong PL pump pulses, leading to lattice thermal expan-
sion (equivalent to more tensile strain) and therefore reduced
bandgap energies. The specific value of N inferred from the
fit of Figure 8a is 3.0 x 10'® cm™, which is above the calcu-
lated transparency carrier density of Ge under 1.42% biaxial
tensile strain (2.1 x 10! cm™ as shown in Figure 4a).

Therefore, the same NM under the same strain and
pumping conditions used in this measurement already fea-
tures a population inversion. At the same time, however,
using the theoretical model of Equation (1), a relatively small
peak gain coefficient of less than 10 cm™ is predicted for this
estimated carrier density of 3.0 x 10'® cm™ at 1.42% strain, as
shown in the inset of Figure 8a. We therefore conclude that
this strain level can be regarded as a lower bound to what
is needed to obtain significant optical gain in Ge under high
but realistic pumping conditions (as in our measurements). It
should also be noted that this conclusion is fully consistent
with the simulation results of Figure 4a, where the calcu-
lated transparency carrier density can be seen to approach
experimentally accessible values of a few 10'® cm™ for ten-
sile strain levels in excess of about 1.4%. As the strain is fur-
ther increased, substantially larger population inversions and
therefore higher peak gain coefficients can be obtained, as
illustrated in Figure 3.

To substantiate the latter prediction, in Figure 8b we show
the results of a similar analysis performed on the PL spectrum
from a more highly strained (1.78%) thinner (40 nm) NM.[?*
The larger average tensile strain that could be introduced in
this sample is a direct consequence of its smaller thickness,
which allows for a proportionally higher stress to be applied
before the onset of extended-defect formation. The carrier
density N inferred from this analysis (3.9 x 108 cm=) is over
twice as large as the calculated transparency value at 1.78%
strain (1.5 x 10'"® cm™ in Figure 4a). The data of Figure 8b
therefore suggest a much stronger population inversion
compared to the NM of Figure 8a, consistent with the con-
tinuous decrease of the I' minimum relative to the L valleys
with increasing strain. The corresponding theoretical gain
spectrum, computed with the model presented in this work,
is shown in the inset, where a large peak value of 250 cm™
(at a wavelength of about 2.3 um) is observed. It should be
emphasized that, in the present experimental geometry, no
indications of stimulated emission and optical amplification
can be observed, because of the ultrasmall propagation length
(240 nm) of the detected light in the NM. At the same time,
however, the analysis of Figure 8b indicates that if the same
NM were placed in an optical cavity for in-plane propagating
light with reasonably low losses and high optical confinement,
lasing action would be feasible.

3. Conclusion

We have shown that tensilely strained Ge NMs can be used
as optical gain media in the 2.1-2.5 pm mid-IR atmospheric
transmission window. Our numerical simulations indicate
that Ge under >1.4% biaxial tensile strain can provide peak
gain coefficients of several 100 cm™ in this wavelength
region, with low transparency carrier densities of less than
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about 3 x 10'® cm. These favorable gain properties are the
results of the large decrease in the direct energy bandgap
relative to the indirect one with increasing tensile strain in
Ge. Because of their nanoscale thicknesses, NMs feature
high thresholds for plastic deformation, and therefore can
accommodate the required tensile strain levels for optical
gain while maintaining good crystalline quality. To substan-
tiate this idea experimentally, Ge NMs fabricated from GOI
substrates are mechanically stressed with high-pressure gas,
and used to demonstrate strain-enhanced PL. A quantita-
tive analysis of the high-strain emission spectra is also car-
ried out to estimate the carrier density produced by the PL
pump pulses in the NM, and used to demonstrate pumping
above optical transparency. The results of this analysis with a
57-nm-thick NM confirm the prediction that at a biaxial ten-
sile strain level of about 1.4% transparency can already be
reached, albeit with a rather low population inversion. Similar
results obtained with a 40-nm-thick sample further suggest
that large gain coefficients can indeed be achieved at higher
strains. Similar strained NMs can be integrated on Si micro-
electronics chips, where mechanical stress can be introduced
using MEMS-based cantilevers or subsequently deposited
stressor layers. Furthermore they can be pumped via elec-
trical injection, e.g., using a lateral p-i-n junction geometry, as
already demonstrated in a recent report of flexible Ge photo-
detectors.?”l We conclude that tensilely strained Ge NMs are
promising candidates for the development of CMOS-compat-
ible mid-infrared diode lasers, which may find a wide range of
applications in sensing, spectroscopy, and free-space optical
communications.

4. Experimental Section

Sample Fabrication: The free-standing Ge NMs used in this
work are fabricated by releasing the Ge layers of commercial (001)
GOl substrates. Specifically, the substrates are first patterned with
UV lithography to define the membrane boundaries and small
etchant access holes. Reactive ion etching is then employed to
etch the Ge template layer along these boundaries, followed by a
wet etch in a mixture of 49% hydrofluoric-acid and water solution
(1/10) to dissolve the underlying SiO, layer. The resulting Ge NMs
settle onto and weakly bond to the original Si host wafer. The NMs
are subsequently transferred and bonded onto 125-um thick, flex-
ible PI films (Kapton, DuPont), by using spin-on liquid Pl as a glue
layer and pressing the membrane onto the PI film. After transfer,
the spin-on Pl is cured at 350 °C and the Ge NM is thinned from
its original thickness (84 + 2 nm) to the desired thickness using
a wet etch with dilute hydrogen peroxide (H,0,) in water at 80 °C.
The final NM thickness can be determined using X-ray diffraction
and ellipsometry, and these measurements have been used to cal-
ibrate the etch rate (0.9 nm/s). X-ray diffraction data also indicate
that the NMs are single-crystalline with excellent structural quality.
Additional characterization studies include AFM measurements,
where a small degree of surface roughness (less than 1 nm rms) is
observed, which is not expected to affect the strain and lumines-
cence properties investigated in this work.

Raman Measurements: The amount of biaxial strain intro-
duced in the NMs is measured as a function of applied stress (i.e.,
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gas pressure) via Raman spectroscopy, using a LabRAM ARAMIS
(HORIBA Scientific) Raman microscope. In these measurements, a
laser beam with 633 nm wavelength and ~1 mW power is focused
onto the NM with a 50x objective lens, producing a spot size of
about 2 um. The resulting power density is sufficiently low to avoid
heating the NM, which would otherwise affect the Raman shifts
and therefore the inferred strain values. Ten random sites on each
NM are measured for each value of the applied stress. The biaxial
strain values are calculated from the Raman shifts using experi-
mental phonon deformation potentials from the literature.*

Photoluminescence Measurements: A tunable optical para-
metric oscillator is used as the pump light source in the PL meas-
urements. Its output consists of a train of pulses with 5 ns width,
20 Hz repetition rate, 960-nm wavelength, and 3 mW average
power (0.15 mJ pulse energy). The pump light is focused onto the
NM with a spot size of about 1 mm. Due to the pulsed laser excita-
tion used in these measurements, thermal effects are not expected
to play any significant role. The emitted light is collected along the
direction perpendicular to the plane of the NM, dispersed through
a monochromator, and finally measured with an InGaAs detector
with 1.2 to 2.6 um spectral response and 45 MHz bandwidth. To
increase the measurement sensitivity, gated detection is per-
formed using a box-car integrator.
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