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Abstract
The processes of electron–hole drop (EHD) formation and migration in
silicon crystal containing a significant number of dislocations can have
different features as compared with those in dislocation-free crystal. The
results of a low-temperature photoluminescence study of EHD in silicon with
dislocations presented here show that dislocations in silicon are centres of
EHD condensation. In addition to the line for dislocation-free silicon with
a maximum at 1.082 eV, the radiative spectrum of EHD in silicon with
dislocations contains an additional line with a maximum at 1.078 eV that is due
to the appearance of unusual EHD extended or ‘spread’ along the dislocation
axis. The existence of cylindrical EHD on dislocations is confirmed also by
the different character of the dependence of the EHD recombination radiation
intensity on the excitation intensity and is demonstrated by model calculations.

1. Introduction

The processes of electron–hole drop (EHD) formation and migration in crystals containing a
significant number of dislocations differ essentially from those in dislocation-free crystals. This
is conditioned by the strong influence of elastic stress fields around dislocations and effective
recombination through dislocations on the EHD nucleation. As was theoretically predicted [1],
the latter can result in the existence of unusual EHD extended along the dislocations. Also, the
dislocations themselves (or accumulations of impurities and point defects around them) can
be treated as centres of EHD formation that should result in lowering of the EHD nucleation
threshold for a dislocation-containing crystal.

In view of the facts that EHD are very sensitive to elastic stresses and the defect–impurity
composition of a crystal and that optical methods enable the recording of very fine changes in
the energy characteristics of spectral lines, photoluminescence (PL) measurements of EHD in
silicon can be a highly effective tool for studying dislocations per se in the material. However,
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we could not find any experimental confirmation of the presence of EHD in dislocation-
containing crystals.

The present paper is devoted to a low-temperature (4.2 K) PL study of EHD in silicon
that enables one to correlate the processes of EHD nucleation, formation and migration in
dislocation-containing and dislocation-free crystals.

2. Experimental details

Our experiments were carried out on rectangular phosphorus-doped 800 � cm silicon samples
with edges measuring 1 × 2 × 25 mm3. The edges of the rectangles were oriented along
〈011〉, 〈211〉 and 〈111〉 directions. The initial density of growth of dislocations was <102 cm−2.
Additional dislocations were introduced into the samples by plastic deformation at 680–730 ◦C
using four-point bending techniques. Using this method of dislocation generation enabled
us to produce in the samples three types of region differing in the density and distribution
of dislocations. In the central region about 5 mm in diameter, the dislocation density was
maximal, Nmax

D (zone 1). Two regions approximately 7 mm each had gradient distributions of
dislocation densities ND (zones 2). In the regions of the crystal faces (zones 3) ND was at the
level of the initial samples, i.e. <102 cm−2 in our case. The maximal density of dislocations
Nmax

D in zone 1 for each sample was dependent on the temperature of deformation, as well as
the value of the bending force and its duration.

The excitation of PL was realized using an Ar- or Kr-ion laser with optical power up to
0.6 W and the possibility of focusing the excitation area down to 0.8 mm in diameter. The
samples studied were embedded directly in liquid helium. The probable optical overheating
of the sample was controlled by measurement of the spectral width of the free exciton (FE)
radiation line. The stimulating (exciting) radiation was modulated with the frequency of 20 Hz.
The PL radiation was recorded by a grating monochromator using the photoresistance of Ge:Cu
cooled down to 80 K. An electric signal passed through a selectively enhancing tract and, after
synchronous detection, was saved as a data file with visualization on a computer monitor.

3. Results

Unfortunately, our attempts to detect the EHD recombination radiation from the central region
(zone 1) for samples with high (�106 cm−2) and moderately high (∼105–106 cm−2) dislocation
densities were unsuccessful. However, EHD radiation and also the recombination radiation of
FE and bound excitons (BE) localized on the phosphorus atoms were steadily observed for PL
of the facial low-dislocation-density regions (zone 2) for samples with any dislocation density
in the central region (zone 1). This may be explained by the impossibility of achieving the
EHD condensation threshold in the central zone of the dislocation-containing sample due to
high-speed recombination of charge carriers on dislocations.

The measured integral intensities for the particular lines of exciton radiation (both FE
and BE), EHD radiation and dislocation recombination radiation (line D1, hν = 0.82 eV [2]),
when scanning the PL excitation area along zone 2 of the sample with Nmax

D = 1 × 106 cm−2,
are presented in figure 1. As shown, the intensities of FE, BE and EHD bands decrease sharply
with increasing ND . This may be due to the high efficiency of exciton capture by dislocations
with their subsequent radiative (lines D1 and D2 [3]) and non-radiative recombination.

The greatest interest is aroused by the presence of a maximum in the spectrum for the
EHD band. In conditions of low excitation, realized in our experiments, this suggests that
dislocations in silicon can be considered as centres of the EHD condensation. And the
threshold of the free carrier concentration needed for the EHD nucleation is decreased when
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Figure 1. Integral intensity of the particular PL lines
versus dislocation density ND . 1: FE; 2: BE; 3, 3′: EHD;
4, 4′: D1. Curves 3′ and 4′ correspond to calculated data.

Figure 2. EHD bands in PL spectra for different densities
of dislocations ND . Curves 1, 2 and 3 correspond to
the ND -values 5 × 103, 3 × 104 and 1 × 105 cm−2

respectively.

the dislocation density increases. In our experiments the maximal intensity of the EHD line
when moving the excitation spot along the sample corresponded to ND = (5–10)×103 cm−2.
Further elevation of ND led to the predominance of the channels of exciton capture and exciton
recombination through dislocations and,hence, to lowering of the exciton bonding rate in EHD.

It should be noted that the spectral contour of the EHD line also changes with increase
in the dislocation density. As was shown in [4] and is seen in figure 2 (curve 1) that this
contour has a standard form for ND < 103 cm−2. As is also seen from figure 2 (curve 2),
for ND � 5 × 104 cm−2 the PL spectrum contains the 1.082 eV line along with a band with
a maximum at 1.078 eV. For higher values of ND the intensity of the PL becomes too low,
and that prevented us from resolving the fine structure of the EHD band. We believe that the
additional component of the spectrum can be attributed to the appearance of the unusual EHD
extended, or ‘spread’, along the dislocation. This ‘spreading’ is associated with fields of elastic
stresses around dislocations leading to an additional possibility for cylindrical EHD nucleation
near the dislocation ‘core’. A different character of the relationship between the intensity of
recombination radiation from drops and the excitation level also confirms the existence of EHD
with cylindrical form. EHD, FE and BE lines in the PL spectra for three excitation levels are
shown in figure 3. It is seen that for the 1.082 eV component this dependence is close to a
cubic one, while it looks practically like a square law for the 1.078 eV line.

It was observed that the EHD radiation and dislocation recombination radiation were
polarized. The polarization coefficient P of the dislocation radiation depends on the conditions
of plastic deformation of the samples and their subsequent heat treatments. The maximal value
of P obtained was about 0.35 for the D1 line and was not dependent on ND . The degree of
polarization of the EHD radiation increased with the elevation of ND ; however, it remained
lower than the polarization of the dislocation recombination radiation. For our samples, the
value of P for EHD radiation did not exceed 0.2–0.25. For the initial samples with only
grown-in dislocations, no polarization of the dislocation radiation and EHD radiation was
detected.
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Figure 3. PL spectra in the region of FE, BE and EHD bands for excitation levels in the ratio
1:1.4:2 (ND = 3×104 cm−2). Inset: intensities of FE, BE and EHD bands versus excitation level:
1: BE; 2: FE; 3: 1.082 eV EHD band; 4: 1.078 eV EHD band. Curves 3′ and 4′ correspond to
calculated data.

4. Discussion

The kinetics of EHD formation and decomposition on dislocations differs from the formation
and disintegration kinetics of usual spherical drops. Let us compare the nucleation processes
of EHD in their spherical and cylindrical forms. The free Helmholtz energy for the creation
of nuclei for a spherical drop is determined as [5]

�G = 4π R2σ − 4
3 π R3n0 �µ, (1)

where R is the radius of a drop, σ is the coefficient of surface tension, n0 is the density of
carriers in EHD, �µ = kT ln(nex/n0), nex is the concentration of FE.

The Helmholtz energy for cylindrical drops on dislocations is as follows:

�G = 2π Rcylσ L − π R2
cyln0 �µ L, (2)

where Rcyl is the cylindrical radius of a drop, L is the length of the dislocation in unit volume.
In studies of the dislocation contribution to the cylindrical EHD nucleation and formation, it
is essential to take into account the influence of elastic stress fields around dislocations on the
Helmholtz energy. We used the value of the dislocation component shift for EHD radiation
(4 meV) in the framework of the Stoneham model [7], applied earlier by us for analysis
of the interaction between dislocations and point defects [8], to establish the conditions for
simultaneous existence of spherical and cylindrical drops. Here it was assumed that n0 has
the same value (4 × 1016 cm3) for spherical and dislocation drops. This balance is possible
when the cylindrical radius Rcyl of the dislocation EHD is not in excess of about 1–2 µm. For
greater Rcyl a spherical drop is energetically more favourable.

Earlier we showed [6] that the dislocation recombination radiation for lines D1 and D2 is
due to the annihilation of excitons bound with dislocations.
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Figure 4. A schematic diagram of the electronic processes in dislocation-containing silicon at low
temperatures: 1: for electrons and holes: 1a: electron and hole generation; 1r: electron and hole
recombination; 1c: FE formation; 2: for FE: 2a: thermal dissociation of FE; 2b: formation of BE;
2c: formation of EHD; 2d: formation of dislocation-bound excitons; 2r: FE recombination; 3: for
BE: 3a: thermal dissociation of BE; 3r: BE recombination; 4: for EHD: 4a: thermal dissociation
of EHD; 4r: EHD recombination.

The simultaneous existence of exciton radiation, dislocation radiation and EHD radiation
indicates the presence of several competitive channels of exciton capture and recombination
in dislocation-containing silicon at low temperatures. The model in figure 4 demonstrates this.
The mathematical representation of this model is of the form

dn

dt
= g − n

τ
− γex n2 + nexαex exp

(
− Eex

kT

)
, (3)

dnex

dt
= γex n2 − nex

τex
− nexγp(Np − n p) − nexγd(Nd − nd) − nexαex exp

(
− Eex

kT

)

+ n pαp exp

(
− E p

kT

)
− nexγehd n2/3

ehd + n2/3
ehdαehd exp

(
− Eehd

kT

)
, (4)

dn p

dt
= nexγp(Np − n p) − n p

τp
− n pαp exp

(
− E p

kT

)
, (5)

dnd

dt
= nexγd(Nd − nd) − nd

τd
(6)

dnehd

dt
= nexγehd n2/3

ehd − nehd

τehd
− n2/3

ehdαehd exp

(
− Eehd

kT

)
. (7)

Here n, nex , n p, nd , nehd are concentrations of free charge carriers,FE, impurity BE, dislocation
BE and excitons in EHD, respectively; Np , Nd are the concentrations of phosphorus atoms and
dislocation centres capable of capturing excitons; τ , τex , τp, τd , τehd are the proper lifetimes in
relation to recombination; Eex is the carrier bonding energy in an exciton; E p is the bonding
energy for an exciton and a phosphorus atom; Eehd is the exciton bonding energy in a drop;
γex , γp, γd , γehd are the coefficients of free carriers bonding in excitons, excitons bonding with
impurities, excitons bonding with dislocations and excitons bonding in EHD; αex , αp, αehd are
the coefficients of thermal ejection associated with them.

When constructing this model, the following factors were taken into consideration. The
light-generated free charge carriers (electrons and holes) are bound in excitons. FE can be
bound with impurities, dislocations and in EHD. Also, recombination of carriers in exciton
and thermal dissociation of excitons is possible. For excitons bound to the impurities and those
in drops, processes of recombination and dissociation of FE are also possible. For excitons at
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dislocations, we can ignore the thermal ejection due to quite large binding energy (the energy
shift of the D1 and D2 lines in relation to the FE line is hundreds of millielectron volts).

Equation (7) (see [9]) was deduced from the free Helmholtz energy shown in equation (1)
and hence can be applied to the spherical EHD only. Similarly, for the cylindrical EHD on a
dislocation, the following equation can be obtained:

dn∗
ehd

dt
= nexγ

∗
ehdn∗1/2

ehd − n∗
ehd

τ ∗
ehd

− n∗1/2
ehd α∗

ehd exp

(
− E∗

ehd

kT

)
. (8)

We derived the numerical solution for the system of equations (3)–(8) for the stationary
case. The calculated curves were obtained for the following parameters: T = 4.2 K;
g = 1019 cm−3 s−1; τ = 10−3 s; τex = τp = τd = τehd = 10−5 s; γex = 102 cm3 s−1;
γp = 10−9 cm3 s−1; γd = 10−11 cm3 s−1; γehd = 1030 cm2 s−1; αex = 1015 s−1; αp = 1010 s−1;
αehd = 1010 s−1 cm1/3. As seen from figure 1 and the inset in figure 3, this model exhibits not
only qualitative but also, in some specific cases, quantitative agreement with the experimental
results for the intensities of FE, BE, EHD and D1, D2 lines as a function of the temperature,
excitation level and dislocation density. However, for closer agreement the processes of exciton
diffusion and drift in the vicinity of dislocations should be taken into account.

5. Conclusions

The results obtained show that in dislocation-containing silicon crystals the processes
of generation, capture and recombination of free carriers, free and bound on impurities
and dislocations excitons and EHD differ essentially from those for the dislocation-free
counterparts. A model proposed for the stationary case gives an at least qualitative agreement
with the experimental intensity for FE, BE, EHD and D1, D2 lines as a function of the
temperature, excitation level and dislocation density. To obtain a closer agreement, it is
necessary to take into account diffusion and drift of excitons in the vicinity of dislocations.
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