
Lithuanian Journal of Physics, Vol. 45, No. 5, pp. 377–382 (2005)

EXCESS CARRIER DYNAMICS IN SiGe ULTRA-THIN LAYERS ∗

E. Gaubas a A. Uleckas a, and E. Simoen b

a Institute of Materials Science and Applied Research, Vilnius University, Saulėtekio 10, LT-10223 Vilnius, Lithuania
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The excess carrier decay kinetics, measured by microwave absorption and reflection techniques in dislocations-rich strain-

relaxed SiGe layered structures, are analyzed. The simultaneous recombination and multi-trapping processes were revealed

and their parameters were extracted. The recombination lifetime decreases with threading dislocations density, while multi-

trapping is characterized by a trapping coefficient > 10.
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1. Introduction

Formation of the strained silicon layers on a strain-

relaxed SiGe buffer (SRB) is one of the modern tech-

niques to enhance the carrier mobility for the strongly

reduced channel lengths in advanced nano-electronics

devices [1]. However, relaxation of the SRB also re-

sults in creation of the threading and misfit dislocations

chaotic networks. Therefore, the issue of the significant

impact of dislocations on the carrier recombination and

transport properties remains of concern, when disloca-

tions may cause a disordered structure with the specific

carrier trapping and asymmetric diffusion phenomena.

However, a role of dislocations is not understood well

enough. Determination of the carrier recombination

and transport characteristics dependent on the disloca-

tions density is important when predicting the integral

electrical parameters of devices fabricated in the SRB

substrates. Moreover, specialized methods should be

exploited in revealing the properties of ultra-thin layers

residing on the top of a multi-layered structure and in

resolving the parameters of these layers on the back-

ground of the thick silicon substrate.

The aim of this paper is to investigate dynamics

of carrier recombination and transport processes de-

pendent on dislocations density in strained Si (SSi)

on SiGe SRBs. To separate the carrier recombination

and transport parameters in the ultra-thin layers on the
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background of Si substrates, the specific techniques of

the transient microwave absorption / reflection by free

carriers (MWA / MWR) at small excitation depth as

well as transient diffraction on reflective grating (TRG)

were exploited. Peculiarities of J–V characteristics

caused by the disordered structure of SRBs were also

examined.

2. Samples and measurement techniques

Two sets of samples were examined. The first one

consisted of diode structures fabricated by utilizing

the 8 nm SSi grown on 250 or 350 nm SRB lay-

ers with a Ge concentration of 22%. Both p+/n and

n+/p junctions were fabricated by standard implanta-

tions. A junction depth (dj) of 50 nm was estimated

from secondary ion mass spectrometry. The second

set of samples consisted of as-grown wafers with a

dSRB = 420 nm thick SRB layer containing different

dislocation densities.

To record the recombination characteristics of the

top layers in the ultra-thin multi-layered structures, the

microwave reflection (MWR) and transmission (MWA)

regimes [2] were combined. The excitation depth was

controlled and varied by the excitation wavelength (532

and 350 nm) through modulation of the absorption co-

efficient. The transients of the reflected or transmitted

MW cw radiation and their absolute values depend on

the light-induced absorption / conductivity modulation

(∆σ) from the excess carrier density ∆n(t), varying
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with time t after the 30 ps laser pulse. The signal volt-

age U(t) = f(∆σd) ∝ ∆n(t)dSRB was recorded by a

digital oscilloscope. Short pulse excitation was utilized

to prevent diffusive broadening of the excess carrier

domain over the layered structure thickness dSRB. To

probe the bulk recombination of ultra-thin layers, the

injection regime was also controlled by excitation den-

sity. Then, the extent of the space charge regions esti-

mated through the Debye length was kept significantly

less than the initial excitation domain. Synchronously,

the Debye radius of the dislocation surrounding space

charge cylinder was modified. Therefore, the lifetimes

attributed to the high injection level were really mea-

sured.

To separate the diffusion and recombination com-

ponents, which can overlap in the MWA decays, a

technique of transient diffraction on reflective grating

(TRG) [3], induced by UV pulsed radiation, was em-

ployed. The lateral diffusion between grating “strips”

in the light-induced gradient of excess carriers usu-

ally prevails over other grating erasure processes at the

properly selected grating spacing. The grating erasure

time τge as a function of grating period Λ was exam-

ined. To avoid the self-modulation effects and to re-

solve spatially the diffracted beams, the UV light in-

duced grating was probed by a reference beam of the

second harmonic (λpr = 532 nm) radiation of the same

laser. Peculiarities of the diffraction on TRG arise

due to mixed (amplitude–phase, non-sinusoidal) type

of grating, which is formed by the periodical reflection

coefficient (∆R, an amplitude component) and local

deformation relief modulation (B, a phase component)

[3]. The exposure and grating erasure characteristics

were investigated to clarify the dominant mechanisms

and to determine the recombinative and diffusive era-

sure times, τgeD = f(Λ2/(4π2D)), due to carrier dif-

fusion with coefficient D.

The MWA / R and TRG characteristics were exam-

ined on the second set of the SRB wafers, which had

a mirror-like top layer, while the back-side was used

as the silicon reference. The MWA measurements

at the oblique incidence of the excitation and probe

beams were performed in the metallized device struc-

tures nearby the boundary of the diode area in the sam-

ples of the first set. The J–V characteristics were also

examined in this set of samples, comparing diodes fab-

ricated in the SRB structure and Si reference diodes

made by the same technology, to control the electrical

characteristics in the SRB structures.

3. Experimental results and discussion

The MWA transients in the 250 / 350 nm SRB

samples containing p+/n junctions are illustrated in

Fig. 1(a), and qualitatively the same character of car-

rier decay variations has been determined in both p+/n

and n+/p junctions. The decays are clearly two-

componential for short wavelength excitation, while

the bulk excitation transient is nearly one-componential.

The decay shape transforms into the hyperbolic-like

one at UV excitation, when the photoresponse comes

from the top SRB layers. The asymptotic constituent

in the latter case is clearly longer than those for bulk

and near-surface excitation regimes. At the short wave-

length excitation a longer transient relaxation is ob-

served in the p-well structure as compared with the

n-well structure. The initial component of the excess

carrier decay at UV excitation manifests the rate of re-

combination processes of the top layers of the investi-

gated structures. The effective carrier lifetimes evalu-

ated within the initial decay stage are in the time scale

of 30–270 ns for n-well diodes and 300–900 ns for p-

type SRB material, respectively.

Investigations of the non-metallized wafers (second

set) were performed by exploiting the regime of the

UV excitation. The MWR transients recorded at the

same 30 ps pulsed excitation intensity are illustrated

in Fig. 1(b) for the sample with dislocations density of

2 · 106 cm−2, comparing the decays obtained for the

rough substrate surface (transient 1) and mirror-like top

SRB layer (curve 2). The decay shape and rate clearly

differs for SRB and Si surfaces. The small initial com-

ponent can be explained by considering that the excess

carrier density causes a modulation of the Debye length

of the surface states on bare Si. However, the MWR

transient integrated over the SRB layers acquires the

hyperbolic-like shape. Qualitatively the same varia-

tions were obtained in SRB layers of the other sam-

ples containing higher densities of dislocations of the

second set, while the values of effective recombination

lifetimes varied with threading dislocations density. To

verify that the MW probe depth is concentrated within

the top SRB layer of the investigated structure at UV

excitation and to examine peculiarities appearing due to

the extent of the initial domain of excess carriers and its

broadening, the MWA and MWR measurements have

been complementary performed. The initial stages of

the MWA and MWR transients measured in SRB layers

nearly coincide, and the effective lifetime τin of the ini-

tial decay stage, measured by the MWR regime, is not

shorter than that of the MWA. This proves that the fast



E. Gaubas et al. / Lithuanian J. Phys. 45, 377–382 (2005) 379

Fig. 1. (a) MWA transients in layered structure fabricated on a 350 nm SRB wafer, corresponding to p+/n junctions, for excitation wave-

lengths of 350 (1) and 1064 (2) nm. (b) The MWR relaxation in the Si substrate (1) is compared with that in the SRB layer (2), when

measured by utilizing UV excitation of the same intensity.
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Fig. 2. Variations of the inverse recombination lifetime as a func-

tion of density of the threading dislocations in SRB layers mea-

sured by the MWA transient technique.

initial component of the MWA and MWR transients at

UV excitation really integrates the carrier decay pro-

cesses in the top or SRB layers, as in the case of MWR

only the top density of carriers modifies the photore-

sponse.

The inverse effective lifetimes of the recombinative

carrier decay as a function of dislocation density NDD
are presented in Fig. 2 for the as-grown SRBs. It can be

deduced from Fig. 2 that threading dislocations serve

as recombination centres, and the inverse recombina-

tion lifetime increases with their density. The density

of dislocation-attributed recombination centres can be

estimated as ND = NDD/C [4], where C is the spac-

ing between the broken bonds in a dislocation. This

density ND is hereby evaluated to be equivalent to

4·1013−2·1016 cm−3 for dislocation densities NDD =
2 · 106 − 109 cm−2. Assuming an effective cross sec-

tion of the order of 10−15 cm2 [4], the value of micro-

scopic recombination lifetime τR∞, attributed to high

injection level, is estimated to be in the range of 0.005–

2.5 µs at room temperature, what is in good agree-

ment with the effective lifetimes measured by MWA

in the initial decay stages. However, the hyperbolic-

like asymptotic decay implies multi-trapping effects in

the disordered structure. The influence of the multi-

trapping is most inherent for the asymptotic decay, af-

ter significant concentrations of excess carriers are cap-

tured into trapping levels attributed to threading dislo-

cations (TD). Since the capture cross section and ac-

tivation energy of these traps depend on their occupa-

tion and varies during relaxation of the excess carri-

ers, the distribution of the trap depth in a dislocation

cluster is random. The multi-trapping process seems to

be more ductile to slower carrier diffusive transport in

the disordered structure of dislocations. In the case of

Fig. 3. Variation of the grating erasure times determined in

SRBs, containing different dislocations densities, as a function of

Λ2/(4π2).

competing recombination and trapping processes, the

excess carrier decay is characterized by instantaneous

lifetimes τinst, expressed through a trapping coefficient

Ktr as τinst = τR∞Ktr(τtr). A simplified estimation of

Ktr can be made by extrapolating τR∞ and taking the

ratio τR∞/τinst. The extracted Ktr values were found

to be rather large, Ktr >10.

In the TRG experiments, the diffraction field of UV-

beam self-diffraction as well as green light 532 nm

probe beam diffraction contains few symmetrical (de-

tectable and visible) diffraction beams only of the first

order. Usage of the ps time scale pulses seems to limit

more efficiently the evolution of the heating processes

that cause the formation of the surface relief responsi-

ble for a phase grating component. The amplitude grat-

ing component is governed by modulation of the reflec-

tion coefficient. The recombination and transport rates

were examined by employing the TRG erasure effec-

tive times measured by varying discretely the grating

spacing in the range of Λ = 2 − 19 µm. Values of τge

were found to be in the time scale of 700–1500 ps for

grating periods in the range of Λ = 2 − 19 µm. Then,

the effective recombination lifetime is τeff = 2τge, and

its values ≥ 2 − 3 ns correlate well with the time

scale of the initial stages in the MWA and MWR tran-

sients. The grating erasure times in different samples as

a function of Λ2/(4π2) are plotted in Fig. 3. Variation

of the estimated grating erasure times with grating pe-

riod is relatively slow. Thus, the recombination pro-

cesses dominate in the grating erasure rate. In addition,

the diffusion constituent in the grating erasure does not

exceed the range of the experimental dispersion of the

τge values. The carrier ambipolar diffusion coefficient

Da ≤ 0.13 cm2/s can be only estimated from these

τge = f(Λ2) plots in Fig. 3. The estimated Da value is
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Fig. 4. Current density vs voltage characteristics of p+/n diodes.

The solid lines indicate the possible relative shift of current val-

ues in SRBs respectively to the reference Si diode, evaluated us-

ing recombination lifetime values measured in the Si substrate and

SRBs by using MWA / TRG methods. Ciphers indicate the ranges

of quasi-linear (I, III) and a super-linear (II) increase of current

with voltage.

less than that for crystalline Si and Ge, at least by an or-

der of magnitude (e. g. Da ≈ 16 cm2/s in Si). Disloca-

tions can be supposed to be screened at high excitation

level, while small Da values ≪ 1 cm2/s, inherent for

amorphous materials [5], can be explained by the dis-

order of dislocations network. Thus, even in the case of

medium dislocations density, when distances between

dislocations are ≤ 6 µm, the crystalline carrier motion

concept is hardly acceptable, since the distribution of

dislocations is inhomogeneous. Thus, the TRG char-

acteristics imply that the role of the diffusion in excess

carriers decay is relatively small in the dislocation-rich

SRB layers.

The recombination and trapping effects appear spe-

cifically in device structures, when the injected excess

carriers are governed by the bias field. The dc J–V
characteristics measured in the p+/n metallized sam-

ples are illustrated in Fig. 4. Here, the J–V character-

istics obtained in the SSi-SRB junctions are compared

with those determined in reference diodes fabricated

by the same implantation conditions in crystalline Si.

The disordered, due to dislocations networks, SRB lay-

ered structure plays the most important role in the J–V

characteristics of the shallow junction diode. The ge-

ometry and type of contacts, diffusion current compo-

nent in the vicinity of electrodes, and asymmetry of the

contacts can be important factors in the range of small

current densities. The double injection effects [6, 7] can

be significant in the range of elevated voltages. Then,

the structure can be modelled by regional approxima-

tions [6], when different regimes are inherent in sep-

arated layers (up to four characteristic regions), and

role of these layers varies with applied voltage, it de-

pends on the state of recombination and trapping cen-

tres. Thus, in such an intricate structure, the quantita-

tive J–V characteristics can be only simulated numeri-

cally. However, a qualitative resemblance of the exper-

imental J–V s measured in SRB diodes to those (Fig. 4

of Ref. [6]) modelled for space charge limited currents

(SCLC) implies the importance of the carrier trapping,

revealed in the MWA / MWR transients. Various ranges

of J–V can be separated in segments denoted in Fig. 4,

and characterized by different slopes J–V α. Existence

of the J–V segment JII ∼ V m+1 can be an indication

of appearance of double injection effects and of a role

of the disorder of the structure [6, 8] with random spec-

trum of traps. Here, α = m + 1, and m is an index of

trapping dependence on applied voltage V m. This also

implies that concentration of traps is of < 1018 cm−3

at dj ≤ 0.1 µm [6]. The nominal trapping coefficient

Ktr,J−V = NCM/Mtr ≈ 6 − 105 can be estimated

assuming the parameters evaluated for SRBs: an acti-

vation energy ∆EM = 0.06 − 0.3 eV for the disloca-

tion levels, a bulk density Mtr of dislocation-attributed

centres Mtr = 4 · 1013 − 2 · 1016 cm−3, and an effec-

tive band density of states NCM , ascribed to Mtr, as

NCM = 2.5 · 1016 − 2.4 · 1014 cm−3. This estimation

is in qualitative agreement with parameters determined

from MWA / MWR measurements. The relative shift

of the recombination current in the linear J–V range

along the ordinate axis is estimated by exploiting the

effective lifetime values measured directly in the initial

segment of MWA and TRG transients. It is sketched

by the solid lines in Fig. 4, relatively to that of the ref-

erence Si diode. This indicates that the measured shift

of J requires taking into account the trapping coeffi-

cients to superpose the increased current values. Thus,

the features of carrier recombination–trapping in the

SRB layers unveiled by transient techniques qualita-

tively correlate with the peculiarities of the J–V de-

pendences of diodes fabricated in the SRBs.
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4. Conclusions

The dynamic techniques based on the microwave

probe (MWA and MWR) and light-induced reflection

(TRG) have been demonstrated to be sensitive enough

for the direct measurement of the carrier recombina-

tion and transport characteristics in ultra-thin layered

structures in a non-invasive way. The recombination

and trapping components were revealed in excess car-

rier decay transients. The high injection level recombi-

nation lifetimes from tens to hundreds of nanoseconds

were measured in the SRB layers containing different

densities of dislocations. A decrease of this lifetime as

a function of the dislocation density was determined.

However, the disorder caused by dislocations network

and the stochastic carrier transport play the most im-

portant role. A hyperbolic-like relaxation of the asymp-

totic carrier decay part was determined in the SRBs and

ascribed to multi-trapping processes characterized by

trapping coefficients Ktr > 10. Value of the lateral

carrier diffusion coefficient Da ≤ 0.13 cm2/s, esti-

mated from the TRG erasure time τge as a function of

the grating period Λ2, is inherent for disordered struc-

tures. The character of the excess carrier recombina-

tion in the SRB layers unveiled by transient techniques

qualitatively correlates with the peculiarities of the J–

V dependences of diodes fabricated in the SRBs.
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Santrauka

Ištirti daugiasluoksniai įtempto Si (SSi)-SiGe-C-SiGe buferinių

sluoksnių 8–400 nm storio dariniai, sudaryti ant kristalinio Si pa-

dėklų, kaitaliojant buferinio sluoksnio storį 250–420 nm tarpe ir

dislokacijų tankį juose. Tirta nesąlytiniais nenuostoviosios mik-

robangų sugerties ir atspindžio metodais, kaitaliojant sužadinimo

gylį ir palyginant padėklo bei aktyvaus sluoksnio paviršius. Pa-

siūlyti tinkamiausi parametrų išskyrimo režimai, derinant sužadi-

nimo spektrinę sritį, intensyvumą ir impulsų trukmę. Atskleisti

nepusiausvirųjų krūvininkų tankio relaksacijos ypatumai, kuriuos

lemia sparčioji rekombinacija ir laike ištęsti prilipimo vyksmai.


