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Abstract

We have investigated the origin of room temperature photoluminescence from ion-beam synthesized Ge nanocrystals (NCs)

embedded in SiO2 using steady state and time-resolved photoluminescence (PL) measurements. Ge NCs of diameter 4–13 nm

were grown embedded in a thermally grown SiO2 layer by GeC ion implantation and subsequent annealing. Steady state PL

spectra show a peak at w2.1 eV originating from Ge NCs and another peak at w2.3 eV arising from ion-beam induced defects

in the SiO2 matrix. Time-resolved PL studies reveal double exponential decay dynamics on the nanoseconds time scale. The

faster component of the decay with a time constant t1w3.1 ns is attributed to the nonradiative lifetime, since the time constant

reduces with increasing defect density. The slower component with time constant t2w10 ns is attributed to radiative

recombination at the Ge NCs. Our results are in close agreement with the theoretically predicted radiative lifetime for small Ge

NCs.
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1. Introduction

Over the last decade, studies on the optical properties of

group IV semiconductor nanocrystals (NCs) have drawn

considerable attention owing to their potential application in

Si-based optoelectronics [1] and electronic/optical memory

devices [2]. Promising results have been achieved from Si

NCs with optical gain [3] and tunable light emission [4]

property. However, NC Si of several nanometers in diameter

shows indirect band gap nature [5] and this results in a

relatively long photoluminescence (PL) lifetime [6,7],

which is one of the main obstacles to realizing Si-based
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light emitting devices. In contrast, Ge NCs show a stronger

confinement effect resulting in a direct gap semiconductor

nature [8]. Consequently, there have been a lot of theoretical

predictions on the superior optical properties of Ge NCs [9]

as compared to the Si NCs. However, there exists substantial

controversy about the origin of intense visible PL from Ge

NCs [10,11], as several studies have indicted that the defects

in the host matrix are primarily responsible for broad PL in

the visible region [12,13]. Some experiments have indicated

that a new structure of Ge different from that of the diamond

structure exhibits the visible PL [14]. Size dependent near-

infrared PL [15] and fast (/1 ms) PL decay dynamics [16]

from Ge NCs have been attributed to quantum confinement

effects, though theoretical studies predict the involvement of

deep traps in the gap states of NC Ge as centers responsible

for such emission [17]. Studies using several complemen-

tary techniques clearly demonstrated that infrared PL
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originates from defect states in the NCs [13]. A recent X-ray

absorption spectroscopy study [18] provides conclusive

evidence for stronger quantum confinement effects in the

conduction band of Ge NCs as compared to similarly sized

NC Si. However, its implications for the optoelectronic

applications are not fully explored.

A powerful technique to explore dynamical character-

istics of the carriers that contribute to the PL is time-

resolved PL spectroscopy [19]. There have been several

reports on time resolved PL spectroscopy of Si nanowires

[20] and nanocrystals [21], which reveal anomalous

dispersion relaxation of photoexcited carriers resulting in

a stretched exponential decay of photoluminescence. Recent

PL decay studies on Si NCs have shown that stretched

exponential decay is an inherent property of individual Si

NC [22]. Since, the exciton Bohr radius of bulk Ge crystal

(17.7 nm) is much larger than that of bulk Si crystal

(4.9 nm), the quantum size effects will appear more

conspicuously for NC Ge than NC Si. However, properties

those are sensitive to the size of the Ge NCs and properties

that are sensitive to the environment and the macroscopic

characteristics of the medium have not been distinguished

properly. When the size of the NC is decreased the number

of atoms located on its surface increases and optical

properties will be greatly influenced by the surface

condition. While theoretical studies predict several orders

of magnitude lower lifetime in NC Ge (typically a few ns) as

compared to NC Si (typically in the range ms–ms) [24], there

is a lack of experimental evidence in support of the

prediction. Niquet et al. [17] predicted that the radiative

lifetime in NC Ge might be long (wfew ms) in spite of the

small difference (0.14 eV) between the direct and the

indirect gap of bulk Ge. Reported results have indicated that

the defects surrounding the NC Ge are responsible for the

observed fast decay characteristics [16]. Hence, experimen-

tal determination of the radiative lifetime in NC Ge remains

almost unexplored.

In this report, we study the steady state and transient

decay characteristics of the photoluminescence from

embedded Ge NC with varying NC size and surrounding

defect density. From the steady state PL measurements, we

first isolate the origin of various PL bands. Time resolved

PL measurements show a considerably faster decay

dynamics in NC Ge as compared to NC Si. These results

are discussed in the context of theoretical predictions on the

radiative lifetime of NC Ge.
Fig. 1. Glancing incidence XRD spectra of ion-beam synthesized

Ge NCs (nc-Ge) formed by post-annealing at (1) 800 8C for 1 h, (2)

950 8C for 2 h. For comparison, spectrum of single crystalline Ge

wafer (c-Ge) is also shown (3). Different spectra are arbitrarily

shifted along Y-axis for clarity of presentation.
2. Experimental details

For the present study, boron doped CZ grown Si (100)

wafers were used as the substrates for growing SiO2 layers

of thickness w300 nm by wet oxidation method. To

synthesize the Ge NCs, 300 keV GeC ion was implanted

at room temperature on the SiO2 layer with doses 3!1016

(Ge1), 1!1017 (Ge2) and 2!1017 (Ge3) ions/cm2. SRIM
calculation, a Monte Carlo code, showed that the implanted

Ge ions penetrate to a depth of w350 nm and the peak of the

ion distribution occurs at a depth of w205 nm in SiO2 layer.

To study the growth of Ge NCs, implanted and unimplanted

SiO2 layers were heat-treated at 800 8C for 1 h and further

treated at 950 8C for 2 h in argon gas ambient. Glancing

incidence X-ray diffraction (XRD) and Raman scattering

measurements were used to detect the formation of NC Ge

in SiO2 after each step of annealing. Samples were excited

with 488 nm laser beam and the steady state PL emission

spectra at room temperature (RT) were recorded using a

double monochromator attached with a cooled photomulti-

plier tube and photon counting system. The PL decay

measurements were performed at RT using 495 nm

excitation pulse of 1.32 ns duration using a commercial

fluorescence lifetime setup with a time resolution of

0.113 ns (Model IBH Fluorocube). In the decay measure-

ment, a cutoff filter was placed before the emission detector

to block the light below the wavelength 550 nm.
3. Results and discussion

The growth of Ge NCs in SiO2 matrix was evaluated by

XRD measurements in the glancing incidence mode using a

powder diffractometer. Fig. 1 shows a set of XRD spectra

recorded with an incidence angle of 38 on Ge2 sample post-

annealed at 800 8C (curve 1) and 950 8C (curve 2). For

comparison, spectrum from single crystalline Ge wafer (c-

Ge) is also presented (curve 3) in Fig. 1. Curve 1 shows a



Fig. 2. Room temperature PL spectra (with symbols) of NC Ge

prepared at 800 8C for three different doses: (a) 3!1016 cmK2, (b)

1!1017 cmK2, (c) 2!1017 cmK2. Two Gaussian peaks are fitted

(dashed lines) with the experimentally observed PL spectra. Fitting

parameters are presented in Table 1.
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strong Bragg peak at 26.448 and a weak peak at w27.48,

corresponding to GeO2 and Ge(111) NCs, respectively.

27.48 (2q) peak is weak due to the very small size of the NCs

and the residual ion damage in SiO2 layer. After 950 8C

annealing, 27.48 (2q) peak became strong due to larger

volume fraction of Ge(111) NCs. The small peak at 26.08 is

attributed to the SiO2 layer. Nanocrystalline Ge(311) peak

was also observed at 53.78 in 950 8C annealed sample (not

shown). Due to the inherent limitation of the XRD

apparatus, observed peak width cannot be used as a measure

of the particle size. To determine the size of the NCs, we

recorded low frequency Raman spectra (LFRS) [25] on

these samples. LFRS modes arise from the surface acoustic

phonons of Ge NCs at the interface between the crystallite

and the embedding dielectric matrix, and its frequency is

inversely proportional to the size of the NCs [25]. LFRS of

800 8C annealed samples show a peak at 21.2 cmK1 in Ge1

and 15.7 cmK1 in Ge2 sample. After 950 8C annealing,

these peaks shift to 13.8 and 6.5 cmK1, respectively,

indicating the NC size increase. The average diameter of

the NCs estimated from LFRS varies from 4 to 13 nm

depending on the ion dose and annealing temperature and

shown in Table 1. Table 1 shows that Ge nanocluster grows

with the increase in the ion dose as well as the annealing

temperature. For a particular dose, NC size increased as the

annealing temperature increased from 800 to 950 8C. Note

that NCs fabricated by ion implantation method usually

show a wide distribution of size and the measured size is the

average of the sizes present in the matrix. In the present

study, NCs were biggest at 1!1017 ions/cm2 after 950 8C

post-annealing. Details of the LFRS spectra and analysis

will be presented elsewhere [26].

Fig. 2 shows a set of PL spectra for 800 8C annealed

samples implanted with different doses. The 800 8C

annealed, unimplanted, wet oxidation grown SiO2 layer on

Si substrate shows a very weak PL band at w2.25 eV (not

shown here) due to defects in the SiO2 layer. This PL band

intensity substantially reduces when further annealed at

950 8C. This PL was subtracted from the PL spectra of

800 8C annealed, implanted samples and shown in Fig. 2.

The unconvoluted PL spectra show an intense and broad PL

band at w2.19 eV for three different doses. After 950 8C
Table 1

Fitting parameters for the two Gaussian peaks (peak 1 and peak 2 shown

samples. Mean size (diameter) of the NCs are determined from the LFRS

Ge dose

(cmK2)

800 8C Annealing

Peak 1 Peak 2 NC size

(nm)

Center

(eV)

FWHM

(eV)

Center

(eV)

FWHM

(eV)

3!1016 2.29 0.32 2.14 0.31 4.0

1!1017 2.29 0.26 2.08 0.26 5.4

2!1017 2.33 0.25 2.14 0.30 4.1
annealing, the PL peak shifts to w2.32 eV as shown in Fig.

3. This apparent observed blue-shift of the PL on increasing

the annealing temperature is inconsistent with the quantum

confinement model of excitonic recombination in the NCs

since LFRS results show an increase in NC Ge diameter

(Table 1) which is expected to show a red-shift of PL peak.

Hence, the major contribution to PL emission is unlikely to

originate from Ge nanocrystals. A closer look at the
in Figs. 2 and 3) fitted with the PL spectra observed for different

peak position (see text)

950 8C Annealing

Peak 1 Peak 2 NC size

(nm)

Center

(eV)

FWHM

(eV)

Center

(eV)

FWHM

(eV)

2.32 0.35 2.03 0.21 6.1

2.33 0.32 2.06 0.23 13.0

2.30 0.33 2.03 0.22 9.2



Fig. 3. Room temperature PL spectra (with symbols) of NC Ge

prepared at 950 8C for three different doses: (a) 3!1016 cmK2, (b)

1!1017 cmK2, (c) 2!1017 cmK2. Two Gaussian peaks are fitted

(dashed lines) with the experimentally observed PL spectra. Fitting

parameters are shown in Table 1.

P.K. Giri et al. / Solid State Communications 133 (2005) 229–234232
asymmetric line shape of the spectra in Figs. 2 and 3 reveals

that the observed peak can be resolved into two Gaussian

peaks. Fitting parameters thus obtained are shown in Table

1. The fitted data show that besides the major peak at

w2.3 eV (peak 1) that is common to 800 and 950 8C

annealed samples, 800 8C annealed sample show a lower

energy peak (peak 2) at w2.1 eV, and after 950 8C

annealing this peak red-shifts to w2.0 eV as expected

from quantum confinement model. PL peak positions are

almost independent of the ion dose, whereas relative peak

intensity changes with dose. Annealed samples of 800 8C

show comparable intensities for peak 1 and peak 2 (Fig. 2)

while 950 8C annealed samples show that peak 1 is about 10

times more intense than peak 2.

From literature it is known that visible PL from Ge

implanted SiO2 layers primarily arise from a luminescent

defect center [12]. Ge related Pb center has been found to be

one major defect in Ge implanted SiO2 layers. However, no

unique energy has been associated with this defect emission

band. Our unimplanted, 800 8C annealed SiO2 layers on Si

show a weak PL at 2.25 eV. All our implanted SiO2 layers

on Si show a PL component at w2.3 eV. This does not shift
with ion dose and annealing conditions. The intensity of this

component increases with dose as seen from Figs. 2 and 3,

except for 800 8C annealed 2!1017 dose sample. The defect

density increases with dose and the PL intensity due to

defects is expected to increase. Hence, this peak at 2.3 eV is

attributed to defects. This PL intensity increases with

annealing temperature, implying that the nonradiative

recombination channels are reduced after annealing. A PL

peak at w2.3 eV has been reported by several groups from

NC Ge [27], and has been argued to originate from defects at

the Ge/SiO2 interface or in the SiO2 matrix [12,13]. Si-

implanted SiO2 layers show similar PL spectra and it has

been correlated with the oxygen deficient defects in SiO2 as

detected by paramagnetic resonance studies [28]. In the

present study, these defects are created by GeC-ion

bombardment into SiO2 and their density changes with

dose and post-annealing temperature It is known that Ge/

GeO2 interface related defects give rise to a PL peak at

w3.1 eV [29], which we cannot observe in our experiment

with 2.54 eV excitation. Ion beam induced dangling bonds

at the NC Ge/SiO2 interface has been identified as one major

defect in such embedded system. Hence, the PL emission

from these NCs is dominated by defects at the nanocrystal/

SiO2 interface and surrounding SiO2 matrix.

Data presented in Table 1 show that peak 2 is red-shifted

by about 0.1 eV with the increase in the nanocrystal size

from, say, 4.0 to 6.1 nm. This is fully consistent with the

quantum confinement model of carrier recombination in

NCs. Kim et al. [30] observed a PL peak at 2.1 eV from

annealed Ge implanted SiO2, which was argued to originate

from NC Ge. Maeda et al. [10] observed similar peak from

NC Ge prepared by cosputtering method and argued in favor

of the quantum confinement model for the observed peak.

Hence, we attribute peak 2 at w2.1 eV to the excitonic

recombination at the NC Ge [12]. To verify the observed Ge

NC related PL peak position with a simple quantum

confinement (three dimensional) model of Brus [31], peak

at w2.14 eV would require a NC of 6.0 nm and 2.03 eV

peak would require a NC of 6.3 nm. We have found similar

size (4 nm for 2.14 eV peak and 6.1 nm for 2.03 eV peak)

from low frequency Raman analysis (Table 1). However,

experimentally determined size dependence of confinement

energy is usually weaker than the theoretically predicted

dependence, primarily due to the surface defects. Further-

more, due to the inherent size distribution in the ion-beam

generated NCs broad PL band arises in the present case.

Hence, exact calculation of the peak shifts cannot be done

without the knowledge of the actual size distribution.

We performed time resolved PL measurements on the

embedded Ge NCs to elucidate upon the dynamics of

recombination. Fig. 4 shows the PL decay characteristics of

samples implanted with different doses. As 2.3 eV PL band

arises from the defects in the embedding matrix, to reduce

the defect contribution to experimental decay data we use a

550 nm cutoff filter at the emission end. PL decay of

similarly treated unimplanted SiO2 layer was also recorded



Fig. 4. (a) Room temperature PL decay characteristics (symbols) of

the Ge NCs (nc-Ge) for samples Ge1, Ge2 and Ge3 annealed at

950 8C. System response is shown as ‘reference’ data. (b) Decay

characteristics shown after subtracting the reference data from the

sample spectra. The experimental data (symbols) are fitted with two

exponential decay functions with time constants t1 and t2 and

shown as solid line. The curves are arbitrarily shifted along Y-axis

for clarity of presentation. In each case, amplitude of t1 dominates

the decay behavior.
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for comparison with implanted samples and they did not

show any PL decay in the measured time scale (0.1–120 ns).

Reference data shown in Fig. 4(a) refers to the system

response for the lifetime measurement, which results from

the scattering from a standard liquid sample. Reference data

was subtracted from sample data to extract the decay time

constant (t). The observed decay characteristics shown over

more than three orders of magnitude in intensity do not fit

well with either a single exponential or a stretched

exponential decay function. This in contrast to the PL

decay observed for NC Si, which shows stretched

exponential decay irrespective of the NC size and density.

For the NC Ge, the experimental data could be fitted well

with two exponential decay functions with time constants t1
and t2 for all ion doses. Fitting parameters thus obtained

(Fig. 4(b)) show that t1 decreases from 3.1 to 2.5 ns with the

increase in dose, while t2 does not change appreciably with

dose. More interestingly, the amplitude of the fast decay

component (t1) is very high compared to that of the slower

decay component (t2) such that a major portion of the decay

curve fits to a single exponential. Ratio of the amplitudes for

the fast component and the slow component ranges from

233 to 6142, depending on the dose. This dose dependence

of the t1 can be understood by considering the nonradiative

recombination at the deep level defects. As the defect

density increases with increasing ion dose, nonradiative

recombination lifetime is expected to decrease with dose

according to the Shockley-Read-Hall recombination theory

[32]. Hence, the fast decay component can be attributed to

the nonradiative recombination lifetime. In contrast, time

constant t2 does not change with dose and seems to be a

characteristic of the carrier recombination at the Ge NC

bulk. This is consistent with the observation of a low

intensity PL band at w2.1 eV from steady state measure-

ment. Note that in contrast to a very large PL lifetime

(ranging from ms to ms) reported for NC Si, NC Ge shows

extremely fast (w10 ns) decay dynamics. Despite the

presence of a large size distribution in the Ge NCs,

exponential decay with a very fast dynamics is observed

from our samples. This fast decay dynamics may be a

consequence of the quantum confinement effect that results

in increased oscillator strength of transition.

Weissker et al. [24] have predicted that in NC Ge the

variation of lifetime with size would be less than one order

of magnitude as compared to the lifetime variation (about

five orders of magnitude) found in NC Si. The different

radiative behavior of Si and Ge NCs is a consequence of the

remarkable difference in their oscillator strengths [24].

Takeoka et al. [16] reported the lifetime of NC Ge to be

shorter than 40 ns for the near-infrared PL emission from

very small NC Ge, whereas Aoki et al. [33] did not find a

nanosecond PL lifetime component. In the literature, near-

infrared PL emission from NC Ge has been ascribed to

interfacial oxygen deficient type defects between the oxide

and the NC Ge [13]. Depending on the method of

calculations, theoretically predicted lifetime varies typically

from w10 ns [24] to w100 ms [17] for small NC Ge. As the

direct band gap of Ge is very close to the indirect gap of Ge

crystals, the PL lifetime for band to band transition in Ge is

expected to be quite small as compared to that of Si. In NC

Ge, this transition probability is further enhanced due to the

relaxation of k-conservation rule [5]. Hence, observed fast

decay dynamics may be justified. Our results are in close

agreement with the theoretically predicted radiative lifetime

of w10 ns for NC Ge [24]. Hence, the observed t2 (w9–

10 ns) is a characteristic of the NC Ge, while t1 (2.5–3.1 ns)

is the nonradiative recombination time associated with the

defects. The nonradiative relaxation procedure might take

place at surface dangling bonds of NC Ge or the interface

between NC Ge and SiO2 matrix. The presence of dangling
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bonds at the NC Ge surface affects the radiative efficiency

and controls the overall luminescence efficiency. It should

be noted that observed PL efficiency of NC Ge is much

lower than predicted theoretically, and this is attributed to

the large amount of defects present in the surrounding

matrix that acts as nonradiative recombination channels.

Studies on NCs prepared by other methods with controlled

defects would be required to explore the expected the high

quantum efficiency.
4. Conclusions

In conclusion, we provide experimental evidence of a

fast radiative recombination in Ge NCs. From the steady

state PL measurements, we show that the w2.3 eV PL

emission from ion-beam synthesized NCs is primarily

contributed by the defects in the SiO2 matrix, whereas the

w2.1 eV PL band is attributed to radiative recombination at

the Ge NCs. Time-resolved measurements reveal that the

fast component (tZ2.5–3.0 ns) of the decay is the

nonradiative lifetime of carriers, while the slower com-

ponent (tZ9–10 ns) is attributed to the radiative recombi-

nation lifetime of carriers at the Ge NCs.
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