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Abstract
We report observation of near-infrared photoluminescence from free-standing, vertically
aligned germanium nanowires grown on a (111)-oriented silicon substrate. The energy of the
photoluminescence peak is very close to that of the bulk crystalline germanium direct band
gap. The intensity shows an approximately quadratic dependence on excitation laser power
and decreases with decreasing temperature. The peak position exhibits a red shift with
increasing laser power due to laser-induced heating of the wires. These observations indicate
that the photoluminescence originates from the direct-band-gap recombination in the

germanium nanowires.



L. INTRODUCTION

Over the last decade, nanoscale semiconductors structures with low dimensionality
(D) such as quantum wells (2-D), nanowires (1-D), and nanocrystals (0-D) have attracted
much attention due to their remarkable physical properties and possible applications in
nanoscale electronic and optoelectronic devices.'” In particular, Ge nanostructures open the
possible use of indirect-band-gap semiconductors as materials for new nanoscale
optoelectronic devices, primarily thanks to its high carrier mobilities, strong photon
absorption, and compatibility with modern silicon integrated circuits. Therefore, the
photoluminescence (PL) properties of such Ge nanoscale structures are of great interest. There
have been several reports on the observation of near-infrared (NIR) PL from Ge quantum
wells.”™” For lower-dimension structures, recent developments have mainly concerned visible
PL from Ge nanocrystals embedded in various oxide matrices.® "> The origin of the observed
blue PL has been discussed extensively and is attributed to defects at the nanocrystal/matrix
interface or in the matrix itself. In addition, NIR PL due to radiative recombination of
quantum-confined carriers in Ge nanocrystals embedded in silicon dioxide matrices,"
wire-shaped Ge islands grown on Si substrates,'” and Ge quantum wires self-aligned at step
edges on Si'® have been reported.

For Ge nanowires (NWs), Audoit et. al ! have measured ultraviolet (UV) PL from Ge

NWs encased within mesoporous silica. In this case the strain imposed on the wires by the



matrix may have induced the UV PL in the NWs. On the other hand, despite the great

17,18

number of reports on light-emitting indirect-band-gap Si NWs as well as the synthesis of

19-21 22,23
1 1=

high quality free-standing Ge NWs and their structura and electrica characterization,

light emission from free-standing Ge NWs has not been reported before. Kamenev et al.*
have tested for PL from free-standing Ge NWs grown on Si substrates in the NIR wavelength
region. The Ge NWs, however, did not show a PL signal near the crystalline Ge band gap,
most likely due to the presence of a high density of nonradiative recombination centers at the
interface between Ge and the native oxide layer, combined with the high surface-to-volume
ratio of nanowires. The present paper reports, to our knowledge, the first NIR PL

observations from free-standing, vertically aligned Ge NWs and discusses the origin of the

observed NIR PL.

II. EXPERIMENTAL DETAILS

The two-step growth of our Ge NW samples has previously been described in Ref. 19

and will only be briefly described here. The Ge NWs used in this study were grown using

colloidal gold catalyst particles of 40 nm diameter via the vapor-liquid-solid mechanism.

Substrates were Si (111) (n-type dopant P, resistivity ranging from 1500 to 2500 Q-cm).

Nanowire growth was carried out in a cold-walled, lamp-heated, chemical vapor deposition

chamber at 360 °C, with a GeHy precursor diluted with H,. The GeH, partial pressure was



maintained at 1 Torr in a total chamber pressure of 30 Torr for the 20 min duration of wire
growth. These Ge NWs were not intentionally doped. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were used to characterize the crystal structure,
growth direction, diameter, and length of the Ge NWs. The NWs were found to be epitaxial
with a <111> growth orientation and were single crystals. An SEM image of the Ge NWs [Fig.
1] reveals that most of these Ge NWs were vertically aligned on the Si (111) substrate with an
average diameter of 40 nm and an average length of 5 pm. A fraction of the deposited NWs
grow parallel to the inclined <I11> axes of the substrates, as can be seen in Fig. 1. No
dislocations were detected in the Ge NWs during TEM observations conducted in parallel
with the PL study reported herein.

The samples were excited by means of a frequency doubled Nd:YAG diode-pumped
solid-state laser, emitting continuous-wave at a wavelength of 532 nm (Spectra Physics
Millennia Pro Laser). The emitted light was dispersed in a Spectra Pro 2750 spectrometer in
the wavelength range from 1100 to 2200 nm and collected by a liquid nitrogen-cooled
strained-InGaAs detector. The laser beam was focused onto the sample surfaces through a 10x
microscope objective having a 0.26 numerical aperture. The incident laser power on the
sample surfaces was varied between 10 and 40 mW. Laser power density is to be ~5 to ~20
W/em?® for the investigated laser excitation power range of 10 to 40 mW. Quantum

confinement effects are expected to be negligible in these NWs because the diameter (~40



nm) of the NWs is larger than the exciton Bohr radius (~24 nm) of Ge.’

II1. RESULTS AND DISCUSSION

Figure 2(a) displays the NIR room-temperature PL spectra of the Ge NWs measured
with different excitation laser powers between 10 and 40 mW. The measurements were
performed in an air atmosphere. One broad peak emerges and exhibits a monotonic shift
toward longer wavelength of up to ~130 nm (~60 meV) with increasing excitation laser power.
To confirm that the Si (111) substrate did not play any part in the observed PL from the Ge
NWs, we performed the same experiments on a Si (111) bare substrate identical to the ones
used in NW growth, with the same measurement conditions. The spectrum of the Si (111)
substrate shows only one peak near the crystalline Si indirect band gap ~1.11 um (~1.12 eV)
and no other peaks are detected in the longer wavelength region. Therefore, the observed NIR
PL originates from the Ge NWs. For further comparison, PL from bulk Ge (Ge (111)
substrates: p-type dopant Ga, resistivity ranging from 1.8 to 2.3 Q-cm) has been measured
under the same conditions. As shown in the inset of Fig. 2(a), we have observed two
band-edge PL peaks, corresponding to recombination through the crystalline Ge direct band
gap at 1.55 pm (0.80 eV) and indirect band gap at 1.77 um (0.70 eV) in increasing order of
wavelength. Both the direct- and indirect-band-gap PL peak positions of the bulk Ge are

insensitive to excitation laser power, in contrast to the PL peak behavior of the Ge NWs. In



addition, the peaks in the inset to Fig. 2(a) are consistent with previous reports on PL from
Ge ™ Figure 2(b) summarizes the PL peak positions as a function of excitation laser power
for both samples and shows that the PL peak position of the Ge NWs with 10 mW laser
excitation agrees with the direct-band-gap PL peak position of the bulk Ge. This agreement
suggests that the observed PL from the Ge NWs originates from direct-band-gap
recombination.

Figure 3 displays integrated PL peak intensities as a function of excitation laser
power for both samples. Note that the scale is logarithmic along both axes. For bulk Ge, the
exponent is nearly equal to 1 for indirect-band-gap PL and ~1.9 for direct-band-gap PL. These

2129 The intensity of PL is proportional to the

are consistent with previously reported values.
square of the injected carrier concentration provided that the material is undoped because each
emitted photon is generated from a recombination event involving an excess electron-hole
pair.>” The recombination rate is then proportional to the product of the concentrations of
electrons and holes and each of those is proportional to the excitation laser power.”” The
nearly quadratic dependence observed for the direct-band-gap recombination from the bulk
Ge matches well with the expected one. Because the concentration of electrons in the L valley
of the Ge conduction band is significantly higher than that in the I" valley, the probability of a

three-carrier-mediated Auger process with energy transferred to a second electron should also

be relatively high.””* Auger recombination, a process that competes with non-radiative



recombination, leads to a linear dependence for the case of indirect-band-gap recombination
in the bulk Ge.””** The integrated PL peak intensity of the Ge NWs is very close to that of
the direct-band-gap recombination in the bulk Ge under the same measurement conditions and
shows a nearly quadratic dependence on excitation laser power with an exponent of ~1.8.

We also performed low-temperature PL measurements on both of these samples,
placing them in a thermal stage (Linkam THMS600) cooled down to liquid-N, temperature
(77 K) at lowest. The measurements were conducted under N, atmosphere to avoid moisture
condensation on the samples. Figure 4 shows the low-temperature PL spectra of (a) a bulk Ge
single crystal and (b) the single crystal Ge NW array. As shown in Fig. 4(a), with decreasing
bath temperature, the indirect-band-gap PL peak of the bulk Ge sharpens and its intensity
increases strongly. For direct-band-gap PL in bulk Ge (see the inset to Fig. 4(a)), with
decreasing bath temperature, the PL peak position shifts towards shorter wavelength and the
intensity decreases and disappears at bath temperatures below 170 K. The data in Fig. 4(a)
suggest that this occurs because the direct-band-gap PL is overwhelmed by the strong
indirect-band-gap PL. The reduction of direct-band-gap PL with decreasing temperature is
attributed to reduced occupancy of the I' valley due to the sharper energy distribution of the
carriers.”?” The PL peak from the Ge NWs has the same tendency. As shown in Fig. 4(b),
with decreasing bath temperature, the PL peak position of the Ge NWs shifts towards shorter

wavelength and the intensity decreases continuously. The peak becomes unobservable at



bath temperatures below 130 K. The data shown in Figs. 2—4 strongly suggest that
direct-band-gap recombination is responsible for the PL detected from the Ge NWs. This is, to
our best knowledge, the first reported experimental observation of direct-band-gap
photoluminescence from Ge NWs.

We now turn our attention to the origin of the redshift of the PL peaks of the Ge NWs
shown in Fig. 2(a). This can be explained by laser-induced heating and subsequent heat
trapping within the ensemble of dense NWs [Fig. 1]. It is well-known that at elevated
temperatures the PL shifts towards longer wavelength at a constant pressure due to thermal
expansion of the lattice and renormalization of band-gap energies by electron-phonon
interactions on the corresponding electronic states.***° The latter effect gives the predominant
contribution as previously demonstrated in Refs. 34—36, and will not be discussed further here.
It has been reported that NW thermal conductivity can be suppressed due to phonon boundary
scattering and surface roughness.”’”® Furthermore, in a dense NW array, a fraction of the
scattered PL and laser light as well as thermal radiation emitted by the NWs is confined

within the array, causing ensemble heating.*” ™'

This effect is not significant in bulk Ge
because the PL, scattered light and thermal radiation are more readily able to escape from the
illuminated sample region to the surroundings.’”** Such heating effects cause the redshift and

thermal broadening of the direct-band-gap PL observed in our measurements of Ge NWs.

In order to estimate the temperature of the Ge NW ensemble during the PL



measurements, we performed PL measurements on bulk Ge heated to temperatures between
300 and 470 K under atmospheric pressure and estimated the approximate, linear, temperature
coefficient for direct-band-gap transitions in Ge. Our data are consistent with a value of
AE /AT =-4.4x107* ¢V in this temperature range, which is also consistent with previous
investigations.”*° Figure 5 displays the comparison of the PL peak energies of the Ge NWs
as a function of excitation laser power measured at a bath temperature of 300 K and the linear
temperature dependence of direct-band-gap transitions in the bulk Ge. The excellent
agreement also supports our conclusion that PL from the Ge NWs originates from
direct-band-gap recombination. These data indicate that the temperature of the Ge NWs in the
illuminated arrays can reach ~450 K for the 40 mW maximum laser excitation power
investigated. It is worth noting that laser-induced heating alone cannot explain the absence
of indirect-band-gap PL from the Ge NWs because measurements at temperatures below ~190
K did not show any significant PL signal near the indirect-band-gap transition.

Several publications have previously indicated that carrier trapping at surface defects
and subsequent non-radiative recombination dominates carrier relaxation in semiconductor
NWs.** A thin native oxide layer forms on air-exposed Ge surfaces. The resulting surface
states can be categorized as either “slow” or “fast”.*>* Slow surface states are either in the
oxide layer or on its surface, influencing carrier transport on timescale of seconds to hundreds

of seconds.* ™’ The influence of the slow surface states on carrier transport through Ge NWs



has been extensively characterized in Ref. 49. In contrast, fast surface states reside at the
interface between Ge and the oxide layer and are chiefly involved in recombination on a
timescale of nanoseconds or less.*” ™ Carrier traps associated with fast surface states may be
responsible for the failure to observe a strong PL signature for indirect-band-gap
recombination in the Ge NWs studied in this work. The non-radiative recombination lifetime
of photogenerated carriers via GeO,/Ge nanowire interface states, Tns, can be approximated

1
aSSO,S

LB (1)

T nrs d

where S is the surface recombination velocity and d is the NW diameter. Using the reported
surface recombination velocity of bulk Ge with a native oxide coating, S = 1300 cm/s, 2 in
equation (1), gives a value of T, = 1 ns for these undoped nanowires. In contrast, the
radiative recombination lifetime for the indirect transition in intrinsic Ge is ~ 1 s, as
determined by photoconductivity measurements™ and detailed balance calculations from
photon absorption data.”® This suggests that electrons in the L valley are very likely to
recombine non-radiatively in the Ge NWs prior to their radiative recombination. Both

experimental3] and theoretical®

results indicate that, even if the density of occupied states in

the T" valley of intrinsic Ge is far lower than that of the L valley, the rate of direct-band-gap

recombination is greater for electrons near k = 0. The data in Figs. 2—5 suggest that the rate

10



of radiative recombination via the direct transition exceeds 1/T,s for the present nanowire

experiments.

The direct band gap of Ge at the I valley is larger than its indirect band gap at the L

valley by only 136 meV at room temperature, compared with the large difference between

direct and indirect band gap of Si. Germanium can become a quasidirect-band-gap material as

a result of, for example, lattice strain. Therefore, very recently, much effort has been devoted

to enhancing and controlling direct-band-gap emission in bulk Ge and Ge-on-Si by

high-concentration doping and tensile strain.?®*’~>%%!

Our observations of direct-band-gap
emission from the Ge NWs are important for future Ge-NW-based optoelectronic devices and
indicate that the size effect of NW diameter on non-radiative recombination rate expressed in
equation (1) can be used to engineer important photonic properties. We expect that surface
passivation of the wires through chemical treatments, growth of a high quality oxide layer, or
growth of a semiconductor shell on the side walls may increase the radiative-to-non-radiative

recombination ratio of direct-band-gap transitions, making Ge NWs even more attractive for

future applications.

IV. CONCLUSIONS

In conclusion, we have measured NIR PL of vertically aligned, free-standing Ge

NWs grown on a Si(111) substrate. The Ge NWs give one broad PL peak near the crystalline

11



Ge band gap ~1.55 pum (~0.8 eV). The observed PL peak is shifted towards longer

wavelengths with increasing excitation laser power due to laser-induced heating and

subsequent heat trapping within the dense array of NWs. In addition, the PL peak intensity

shows a nearly quadratic dependence on excitation laser power and decreases with decreasing

temperature, similar to the direct-band-gap PL behavior of bulk Ge crystals. These

observations indicate that efficient direct-band-gap recombination is responsible for the

observed PL from the Ge NWs.
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Figure captions

FIG. 1. SEM image, taken at a 45 tilt angle, of Au-catalyzed Ge NWs grown on a Si(111)

substrate. This image shows the average diameter and length of the Ge NWs of 40 nm and 5

um, respectively.

FIG. 2. (Color online) (a) NIR room-temperature PL spectra of the Ge NWs, measured at

different excitation laser powers between 10 and 40 mW. The numbers below the spectra

indicate the excitation laser powers incident on the sample surfaces. The inset shows the NIR

room-temperature PL spectra of bulk Ge, measured under the same optical conditions as the

Ge NWs. (b) PL peak wavelengths (left) and energies (right) of the bulk Ge and the Ge NWs

as a function of excitation laser power at the sample surfaces.

FIG. 3. (Color online) Integrated PL peak intensities of bulk Ge and the Ge NWs as a function

of excitation laser power, measured at a bath temperature of 300 K (room temperature). The

scale is logarithmic along both axes.

FIG:. 4. (Color online) NIR PL spectra of (a) bulk Ge and (b) the Ge NWs, measured at

different bath temperatures. The inset to (b) shows direct-band-gap PL spectra of bulk Ge in

the wavelength range of 1.40 to 1.60 pm. The numbers above the spectra indicate bath
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temperatures. The excitation laser powerincident on both samples is 40 mW.

FIG. 5. (Color online) Fit of the measured PL peak energies of the Ge NWs as a function of
excitation laser power at a bath temperature of 300 K (filled squares) to a linear temperature
dependence of direct-band-gap transitions in the bulk Ge for the temperature range 300 to 470

K (dashed line).
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