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We find fatigue of low temperature photoluminescence (PL) in Si/SiGe three-dimensional island

morphology nanostructures under continuous excitation. Initially, the PL intensity slowly decreases

by less than 15%, and after �10 min it decreases rapidly by more than 80%. After the PL intensity

stabilizes, a complete recovery requires heating the sample to nearly room temperature. We

propose that accumulation of charge within SiGe islands is responsible for the enhancement of

Auger recombination and hence the observed PL fatigue. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3698303]

I. INTRODUCTION

Photoluminescence (PL) fatigue has been reported in

porous Si,1 amorphous Si,2 and amorphous SiGe,3 chalcoge-

nide glasses4 and some other systems. In most cases, the PL

intensity degradation under continuous wave (CW) excita-

tion is induced by significant chemical or structural changes

that have been detected by infra-red spectroscopy and elec-

tron spin resonance.5 At the same time, PL from individual

nanometer size quantum dots (QDs) exhibits a sequence of

“on” and “off” periods (also known as the PL intensity blink-

ing), similar to a random telegraph signal.6 This process is

not accompanied by significant structural/chemical modifica-

tion, and it is attributed to quantum dot ionization and lumi-

nescence quenching by non-radiative Auger recombination.7

Compared to core-shell II-VI quantum dots, which are

typically a few nanometers in diameter and exhibit type I

energy band alignment,8 Si/SiGe island morphology nano-

structures, also known as three-dimensional (3 D) Si/SiGe

nanostructures, are much larger in size and are expected to

have a type II energy band alignment at the Si/SiGe heteroin-

terface with low conduction energy barriers for electrons

in Si and much deeper valence energy wells for holes in

SiGe.9 Several experimental effects associated with Auger

processes in Si/SiGe 3 D nanostructures were reported10

(including Auger fountain and hole transfer from SiGe to Si,

Ref. 11), but the PL intensity blinking on the time scale of

seconds and reversible PL degradation were never reported.

It is quite possible, however, that charging of the larger size

SiGe islands (with a base of greater than 100� 100 nm2 and

height of more than 10 nm) is controlled by slow processes,

such as electron diffusion within Si spacer layers and hole

redistribution between SiGe islands via tunneling.12 In this

paper, we report on low temperature PL fatigue under

steady-state photoexcitation, which shows complex kinetics

with a typical time constant of minutes and a significant de-

pendence on excitation intensity and wavelength.

II. EXPERIMENTAL RESULTS

A number of multilayer Si/SiGe island samples grown

by molecular beam epitaxy (MBE) were studied in this work

(see Fig. 1; for sample growth details, see Ref. 13). Trans-

mission electron microscopy (TEM) measurements were per-

formed using a 200 kV JEOL JEM 2100 F Advanced Field

Emission Electron Microscope. The PL spectroscopy meas-

urements were performed using a 0.5 m Acton Research

spectrometer and a thermo-electrically cooled InGaAs photo-

multiplier tube. The sample was held in a vacuum chamber

at temperature T¼ 16 K using a closed cycle cryostat, and

excited using a collimated 405 nm high-power light emitting

diode (LED), a multiline Arþ laser and a HeCd laser at a

wavelength of 325 nm.

Figure 2 shows two PL spectra recorded at T¼ 16 K

under �0.1 W/cm2 excitation intensity: first without prior

exposure (initial) and second after �20 min of continuous

exposure (fatigued). In the initial PL spectrum, two distinct

PL features peaked at 0.82 eV and at 0.88 eV can clearly be

seen. After continuous exposure, both PL features become

less intense, with the 0.82 eV PL peak losing nearly 75% of

its initial intensity and the 0.88 eV PL peak losing less than

50%. In the fatigued PL spectrum, the full width at half max-

imum (FWHM) of both PL features obtained by applying

Gaussian fits (not shown) increases significantly, more than

50%. The fatigued PL spectra are not completely restored

even after several hours of incubation in the dark at low tem-

perature; a complete recovery requires warming the sample

to temperature T > 250 K.

The evolution of the PL intensity under 405 nm excita-

tion and two excitation intensities (150 and 15 mW/cm2)

recorded at 0.82 eV is shown in Fig. 3. When irradiated at

150 mW/cm2, a slow PL intensity degradation is observed

for �10 min, after which a much faster degradation reduces

the PL intensity to �10% of its initial value. Under the lower

excitation intensity of 15 mW/cm2, any slow PL intensity

degradation is essentially undetectable, and the initial period

of relative stability lasts �15 min. This is followed by a fast

PL intensity degradation, also until �10% of the initial

a)Author to whom correspondence should be addressed. Electronic mail:

tsybesko@adm.njit.edu.
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PL intensity remains. In both cases, the PL intensity stabil-

izes after the fast degradation period, and the rate of the fast

PL intensity degradation is nearly the same. For the samples

studied in this work, the PL fatigue is detectable when using

excitation wavelengths k � 405 nm, but not when using ex-

citation with a wavelength longer than 457 nm.

Figure 4 shows the PL intensity degradation as a func-

tion of time under �50 mW/cm2 CW excitation (using

325 nm wavelength) recorded at different temperatures. The

PL fatigue is clearly observed at T � 50 K, and it is not

found at T > 65 K for up to 30 min of excitation. A similar

result was obtained using 405 nm excitation.

III. DISCUSSION

It is well known that the reversible PL degradation asso-

ciated with photo-induced structural changes requires high

temperature annealing to restore the initial PL intensity.1–4

Since the observed PL fatigue is a low temperature phenom-

enon (see Fig. 4), and it can be restored by just warming the

sample to T > 250 K, we think that this effect is primarily

associated with accumulation and retention of charge in SiGe

islands. Also, degradation of the PL intensity from an ensem-

ble of QDs is proposed to be due to Auger autoionization, and

the PL intensity blinking in individual QDs has been

described by a statistical difference in the lifetimes of charged

and neutral states.6 Since Si/SiGe heterointerfaces exhibit a

type II energy band alignment, contribution of the Auger

processes in overall carrier recombination can be significant

even at relatively low carrier concentration, specifically if

carriers are strongly localized.11 Energy band offsets for holes

localized in SiGe islands and electrons localized in Si layers,

both increase with an increase of Ge content. In Si/SiGe

nanostructures, valence energy wells for holes associated with

FIG. 2. The PL spectra of Si/SiGe nanostructures under �0.1 W/cm2 of

325 nm excitation observed before (initial) and after (fatigued) continuous

exposure for 20 min. The sample temperature is T¼ 16 K.

FIG. 3. The PL transients showing the onsets (arrows) of the PL fatigue

recorded at 0.82 eV at different (marked) excitation intensities. The excita-

tion wavelength is 405 nm and sample temperature is T¼ 16 K.

FIG. 1. Transmission electron micrograph (TEM) of a sample with five

layers of SiGe islands (lighter areas) embedded into a Si matrix (darker gray

area). The SiGe island base is �120–150 nm long, and the island height is

<20 nm.

FIG. 4. The PL intensity transients recorded at 0.82 eV under 50 mW power

and 325 nm wavelength CW excitation. Measurements are performed at dif-

ferent (indicated) temperatures.
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SiGe islands are quite deep (up to �400 meV, Ref. 10). At

low temperatures, holes cannot overcome these energy bar-

riers to diffuse, even under large concentration gradients, and

transport of holes is, most likely, limited to tunneling.12

Electrons however, are only weakly localized at the Si/SiGe

heterointerface, and are more mobile compared to holes. In

this model, the observed degradation of the PL intensity (or

PL fatigue) could be explained due to a net accumulation

of holes within SiGe islands and enhancement of Auger

recombination.

It has been proposed that the two major PL spectral fea-

tures observed in Si/SiGe nanoislands (similar to that shown

in Fig. 2) correspond to the recombination of excitons local-

ized within regions with different Ge compositions, presum-

ably more Ge for the PL peaked at 0.82 eV and less for the

PL peaked at 0.88 eV.14 We suggest that charge accumula-

tion (most likely, holes captured within SiGe islands) enhan-

ces Auger recombination, and that this process should be

more effective at Ge-rich regions of SiGe islands (SiGe

island core10–13) with correspondingly deeper energy wells

for holes. The increase in FWHM of the PL peaks could also

be caused by SiGe island charging and redistribution of the

built-in potential at the Si/SiGe heterointerface.

Compared to holes, electrons are weakly localized, and

they may have a fairly unobstructed path for diffusion

through the contiguous Si spacing layers. Since we observe

the PL fatigue under a short excitation wavelength, surface

states can serve as major diffusion sinks for electrons. Also,

electron traps at dislocations are known to have a �104 times

greater capture cross section than those for holes;15 thus, dis-

location related traps can capture electrons as well.16

The experimentally observed rate of PL degradation

is proportional to the number of electron-hole pairs N, and

dN/dt¼�cN. The number of electron-hole pairs is taken to

decrease exponentially, N¼N0 exp(�ct), where N0 is the ini-

tial density of generated electron-hole pairs and c is the net

rate of events that cause the PL degradation. The resulting

concentration of accumulating holes is N0 [1 – exp(�ct)].

The effective rate of Auger recombination, which increases

as positive charge is accumulated in the islands, is given by

C�N0 exp(�ct)�N0 [1 – exp(�ct)], where C is the Auger

rate constant. Using the Auger rate constant of �10�30 – 10�31

cm6/s (which is similar for both bulk Si and bulk Ge), the

above expression is plotted in Fig. 5 with N0 � 100 electron-

hole pairs per SiGe nanoisland (not necessarily distributed uni-

formly), and c� 10�6 (similar to that in Refs. 17 and 18). The

rate of radiative recombination is also shown. According to

our estimation, the rate of charge accumulation (and Auger

recombination enhancement) begins to compete with that of

radiative recombination after �10 min, explaining the onset of

the significant PL intensity degradation.

IV. CONCLUSION

In conclusion, we report a low-temperature PL fatigue

in Si/SiGe 3 D nanostructures. In contrast to the previously

reported PL fatigue phenomena, this process begins after

�10 min of continuous photoexcitation. The observed PL in-

tensity degradation can be fully erased by warming the sam-

ple to temperature T > 250 K. According to our model,

significant decrease in the PL intensity can be explained due

to accumulations of holes within SiGe nanoislands and

enhancement of Auger recombination.
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