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The effect of built-in electric fields and misfit dislocations on dark currents in high temperature MOCVD HgCdTe infrared
heterostructure photodiodes has been investigated. From experimental data results that the current-voltage characteristics at
240 K and 300 K indicate significant contributions from tunnelling effects, which dominate the leakage current mechanism
for reverse bias greater than a few tens of milivolts. Standard theoretical models show that Auger generation-recombination
processes determine dark current in high temperature HgCdTe photodiodes. But taking into account only Auger mechanisms
much overestimated theoretical results are obtained. To explain this fact, a two-dimensional model has been developed to in-
vestigate the dark current mechanisms in the vicinity of the junction termination at built-in electric fields. Calculated profiles
of the energy bands and electric field along different cross-sections of the photodiode indicate that the electric field achieves
a maximum value of the order of mid 10° Vicm in the area the junction termination at the HgCdTe heterointerface. In these
regions the high density of misfit dislocations are observed too. The presence of high electric field in this area decreases the
ionisation energies of trap levels located in region of dislocations core, and hence increases the efficiency of
Shockley-Read-Hall generation-recombination process. In addition to diffusion, generation-recombination and trap assisted
tunnelling mechanisms, our model include the Poole-Frankel and phonon-trap assisted tunnelling effects in calculations of

dynamic resistance of the junctions. The best fit of experimental data with theoretical predictions for dynamic resistance ver-

sus temperature has been obtained for dislocation density in the bulk of HgCdTe layer equal to 5x10~7 cm™.
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1. Introduction

Development of epitaxial technique for the growth of
HgCdTe ternary alloys has made possible fabrication of
new complex heterostructure device designs [1]. The abil-
ity to grow of multilayer heterostructures and layers with
compositional gradients and precise doping control allow
device fabrications that exploit nonequilibrium phenomena
for improvement in infrared detector sensitivity and/or op-
erating temperature. However, in the case of HgCdTe
photodiodes, one of the main technical issues is obtaining
devices characterized by the dynamic resistance R, close to
theoretically predicted one. Traditional theoretical analysis
gives R, values that may be the orders of magnitude higher
than experimentally observed resistances. One reason for
this discrepancy is the existence of structural imperfections
in epilayers such as dislocations, which can seriously limit
device performance. Dislocations strongly affect the elec-
trical properties of semiconductor layers, particularly car-
rier mobility and lifetime [2,3]. While the strong built-in
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electrical fields present in heterostructures can give rise to
much stronger photovoltaic effects than those observed in
homojunction based devices, however, the field induced re-
duction of trap activation energies can increase thermal
generation and create conditions for tunnelling currents.

As it is shown in several articles [4 10], the dynamic
resistance of HgCdTe photodiodes at low temperatures is
degraded by generation-recombination processes through
Shockley-Read-Hall (SRH) trapping centres, with an en-
ergy level positioned in the mid-gap region, and most prob-
ably associated with mercury vacancies. Additionally, the
regions with high dislocation density contain high concen-
tration of trapping centres.

Hitherto it was assumed that in the case of HgCdTe de-
vices operated at the temperatures above 200 K, the influ-
ence of point defects and dislocations on genera-
tion-recombination process has been insignificant due to
serious effect of Auger process [11]. This opinion seems to
be right provided that these defects are out of internal re-
gions with built-in electric fields. First of all, strong built-in
electric fields occur in the regions with nonuniform distri-
bution of x-mole composition and impurities, and near
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semiconductor surface. If in these regions SRH centres oc-
cur, the electrical field activates generation-recombination
processes connected with traps. Reasons of that are three
well-known mechanisms:

so-called Frenkl-Pool effect, where the electric field de-
creases the effective ionization energy of a trap level,
trap assistant tunnelling (TAT); tunnelling is possible
by means of indirect transitions in which impurities or
defects within the space-charge region act as intermedi-
ate states,

phonon trap assistant tunnelling (PTAT) with additional

contribution of phonons.

These three mechanisms increase emission coefficient
and rate of thermal generation-recombination processes. As
a result, the space-charge region of p-n junctions generates
most of all carriers.

In VIGO/WAT MOCVD Laboratory HgCdTe hetero-
structures are deposited on GaAs/CdTe composite sub-
strates. The devices fabricated using metalorganic chemical
vapour deposition (MOCVD) have dislocation density typi-
cally above 107 cm 2. The /(V) characteristics of 3 5.5- m
photodiodes indicate on considerable contribution of tun-
nelling current. It is predicted that generation-recombi-
nation processes in dislocation regions enhance contribu-
tion of tunnelling current. From this prediction follows ne-
cessity of elaboration a new model regarding dislocation
generation-recombination effects. This is the aim of this
paper. Theoretical predictions of the model are compared
with experimental data  dynamic resistance versus bias
voltage and temperature.

2. Method of analysis

The analysis of photoelectric effects in semiconductor
structures requires solution of a set of transport equations
that are comprised of the continuity equations for electrons
and holes, Poisson s equation, and the thermal conductivity
equation. The transport equations are given by [12,13]

‘g;:—;vjp+G—R, (1)
Z=;an+G—R, 2)
V2y - —é[zv; ~N, +p—n]—gV‘PV£, 3)
C‘,g—H=VlVT, 4)

where ¥ is the electrostatic potential, j is the current den-
sity, ¢ is the elementary charge, C, is the specific heat, y is
the thermal conductivity coefficient, T is the temperature,
G is the generation rate, and R is the recombination rate.
The indices n and p denote electron and hole, respectively.
In spite of the fact that the above equations are gener-
ally known, their solution represents a serious mathemati-
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cal and numerical problems. The reason for the difficulty is
the nonlinearity of these equations where carrier densities,
ionized dopant densities as well as generation-recombi-
nation (g-r) factors are all complex functions of the electro-
static potential ¥ and the quasi-Fermi levels @, ,. A num-
ber of articles have reported methods of solution of this set
of equations, starting from the work of Gummel [14] and
de Mari [15], and ending with those adopted in commercial
software packages [16,17]. Independently, J wikowski
developed a set of numerical algorithms to solve the set of
Egs. (1) (4). This method has been used for modelling
many optoelectronic device structures [18 22]. In the cal-
culations presented in this article a new factor have been
included, namely the presence of dislocations.

The numerical method applied in this study employs
Newton s algorithm to obtain a steady-state solution to the
set of transport equations, using an initial distribution of
the electric potential in thermodynamic equilibrium ob-
tained from the condition of electrical neutrality. An itera-
tive approach is then used to solve the Poisson s equation
to obtain the electrical potential under equilibrium condi-
tions, which then gives the first trial function in the itera-
tive procedure that leads to the solution of the set of trans-
port Egs. (1 4) under nonequilibrium conditions. The
quasi-Fermi levels used in the first trial function are taken
as equal and constant with a value given by the Fermi level
in thermal equilibrium.

The difference, G-R is the net generation of elec-
tron-hole pairs, and depends on all generation-recombi-
nation mechanisms. In this work G-R is defined by

G |1- 2 |Gy 21— 2|
gy noPo Do noPo

-1
2 -1
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G,y (ngpo — np) + (ng —n) —= || 1- <. [l——] .
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z
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Particular terms in quadratic bracket mean speed of
generation caused by Auger 1, Auger 7, radiative and SRH
mechanisms. The terms outside of quadratic bracket in-
clude the effects of dislocation density on thermal genera-
tion rate. The parameter 7, is related to a dislocation den-
sity, which varies across the device, 1y is the effective ra-
dius of a dislocation core, S refers to the effect of SHR re-
combination due to the dislocations, and M is the geometric
factor. The above expression are derived in the Appendix.

Current density is usually expressed by diffusion and
drift contributions described below

Jp=—=aD,Vp—qu,pV¥, (6)

fn =gD,Vn—qu,nVY. @)

However, for structures with large nonuniformities and de-
generate regions, these current densities are better ex-
pressed as the functions of quasi-Fermi levels

= 2004 COSiW SEP, Warsaw



4t International Conference on Solid State Crystals

Jn = qu.nV'¥,, (8)

Jn=au,pVY¥,, ©)

where u denotes mobility and D the diffusion constant.

In order to solve the set of transport Egs. (1) (4) with
relations (8) and (9) using Newton s method, it is necessary
to first linearise the equations and then employ an iteration
algorithm that allows calculation of small increments of ¥,
@, @, and T

y =05y
@, =00 +50,,
50
®,=0)+50,
T=T%+6r.

The remaining physical parameters in Egs. (1) (4) can
be similarly expressed, for example:

on on on
n=n(¥,®,)=n° + g O ry 8@, + =81, (10)
p dp dp
_ _ 0., @
p=p¥.@,)=p + Sy OV + o0, 0D, + o7 or, (11)
G-R=G°-R°+68(G-R), (12)
where
_8G-R( on n
8(G-R=="5— (W ¥ + >y 5D, + aTSTJ(B)

85(G-R)| dp dp dp
| =W+ —— 06D +——OT |
+ PR [Na +8<Dp6p+8T8T

The set of Egs. (1) (4) can then be transformed into a
set of algebraic equations and their solution allows iterative
calculation of corrections to electrical potential, quasi-Fer-
mi levels, and temperature, and consequently to other phys-
ical parameters.

3. Modelling and experimental characteristics of
high temperature HgCdTe heterostructure
photodiodes

Let us consider p*-p-n HgCdTe photodiode structure fabri-
cated using MOCVD technique [23]. Simplified geometry
of the device structure, composition and doping concentra-
tions are shown in Fig. 1. The junction area is 0.16 mm2
The doping concentration in the 3.5- m thick n-type region
is 2x1017 ¢cm 3 and mole fraction x = 0.333. 5- m thick
p-type epilayer with composition x = 0.27 and doping den-
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Fig. 1. The cross-section of the investigated HgCdTe photodiode

structure (a) and the doping and mole-fraction profiles (b). The line

d indicates direction of calculated spatial distributions of different
parameters presented in the next figures.

sity of ~10%6 cm 3 is covered by 0.5- m thick p*-type cap
layer with x = 0.321 and acceptor concentration 2x1017 cm 3,
p*-type cap layer eliminates degenerated influence of elec-
trical top contact on photodiode resistance. Abrupt changes
of doping and mole fraction are assumed in the model. The
line d indicates direction of calculated spatial distributions
of different parameters presented in next figures.

Figure 2 presents the spatial distribution of the electron
and hole concentrations together with distribution of dislo-
cation density at 80 mV reserve bias in temperature 240 K.
Both electrons and holes in the p-n and p-p* junctions (also
called I-h junction) are extracted by the electrical field
caused by the reverse bias, U = 80 mV.

As expected, in the regions with non-uniform distribu-
tions of mole-fraction and impurity concentration, strong
electric fields are localized. In addition, the graded-gap re-
gions contain considerable misfit dislocation density. It can
be shown that the misfit dislocation density can be deter-
mined by the following relation [2]

NI =5%x10% Vy, (14)
where Vx is the composition gradient (in cm 1). The param-
eter N V% can achieve a value as large as 10° cm 2.
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Fig. 2. The spatial distribution of the electron and hole
concentrations and the dislocation density in HgCdTe reserve
biased (U = 80 mV) heterostructure in temperature 240 K.

In general, the density of dislocation is a sum of contri-

bution from bulk, N 3V5X | and interface regions N /v

BULK INT BULK 4

The details of implementation of dislocations into the
theoretical model are presented in the Appendix.

The assumed composition and doping concentration
profiles permit us to calculate the spatial distribution of
band structure of a device and electric field across the de-
vice. Figure 3 presents the spatial distribution of the
bandgap structure and the electric field along the line d as
shown in Fig. 1(a). As expected, the electric field is associ-
ated with p-n and p-p* junctions.

Figures 4 and 5 present destructive influence of electric
field on effective speed of carrier recombination in a dislo-
cation region. Reverse bias polarization increases an elec-
tric field, especially in the regions of built-in electric fields
thereby increasing generation-recombination acts con-
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Fig. 3. The bandgap structure of the reverse biased (U = 80 mV)

p*-p-n HgCdTe heterostructure at temperature 240 K. Also the

spatial distribution of the electric field across the line d [see Fig.
1(a)] is shown (dashed line).
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Fig. 4. Influence of reverse bias voltage (U = 80 and 240 mV) on
the value of the parameter S which state speed of recombination in
dislocation region.

nected with dislocations. This effect is essential in fabri-
cated heterostructures, where the depletion regions of junc-
tions are localized in the regions with extended density of
misfit dislocation.

Figure 5 shows the dependence of dynamic resistance
versus bias voltage for HgCdTe heterostructure
photodiode. Calculations are provided for three different
values of dislocation densities in p-type base region of a
photodiode. It can be noticed, that in the graded gap re-
gions the dislocation densities are larger than in n-type base
region of a photodiode (see Fig. 2). Good agreement of the-
oretical calculations with experimental results (black
points) has been achieved for the dislocation density of
5x107 cm 3. However, the theoretical predictions are about
two times lower that experimental data for reverse bias
above 100 mV. It can be supposed that it is a result of sim-
plified assumption of hyperbolic barrier for electrons trans-
mitted from trap level in the region of dislocation to con-
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0.00 0.05

Fig. 5. Dynamic resistance versus bias voltage for three different
values of dislocation densities in p-type base region of HgCdTe
heterostructure. Experimental results are shown by black points.
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Fig. 6. Influence of Frenkl-Poole effect (FP), tunnelling from trap

level with phonon contribution (PTAP) and direct tunnelling from

trap level (TAT) on dynamic resistance of HgCdTe photodiode

operated at 240 K. The curve marks No field effect presents

situation when three mentioned mechanisms are not taken into
account.

duction band. Assumption of simplifying hyperbolic bar-
rier can cause a systematic error of increasing twice as
large of tunnelling current in comparison with a real value.

Figure 6 shows influence of particular mechanisms, en-
larged emission coefficient of electrons and holes from a
trap level in the region of dislocation, on dynamic resis-
tance versus bias voltage. It results from this figure that the
most effective current transport mechanism is TAT, which
is predominant for bias voltage above 70 mV. Below this
value, the resistance is characterized by a diffusion current.

It is well known that in HgCdTe ternary alloys at room
temperature, the Auger mechanism is decisive. Contribu-
tion of SRH processes is appreciable barely at considerable
reverse bias, when the electric field in depletion region of
junction essential increases.

1018 3 T T T T T T T T
: T=300K
1017 | Er=03E i
: U=250mV ,
A1016 J— NDYS=1O7cm‘2\ & T
:
g 1015 ;_4_._.._ Npys = 5x107 cm2 : ]
o . . Npyg=108cm2 :
c
10 L
1013 _
1012 i 1 M L L
0 2 4 6 8
d (um)

Fig. 7. The spatial distribution of electron and hole concentrations
in reverse biased (U = 250 mV) HgCdTe photodiode at temperature
300 K for different dislocation densities.
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Figure 7 presents exclusion and extraction of carriers as
a result of considerable electric field of applied external
bias voltage. In general, exclusion and extraction effects
decrease thermal Auger generation and overlap on destruc-
tive effects connected with activation of SRH centres by an
electric field.

Next figure (Fig. 8) shows the spatial distribution of the
electric field across HgCdTe heterostructure operated at a
room temperature. Similarly as for photodiode operated at
240 K, the electric field has extreme value in the region of
p-n junction. Destructive effect of an electric field on mi-
nority carrier lifetime and relative coefficient of recombi-
nation rate in a region of dislocation is presented in Fig. 9.
It can be shown, that the carrier lifetime in depletion junc-
tion region can be decreased more than one order of magni-
tude in comparison with carrier lifetime in a neutral region
of a device (outside of a depletion region). This observa-
tion is confirmed by Fig. 10, which shows distribution of
thermal generation rate across a reverse biased device
(U =250 mV). It is clearly shown that the highest contribu-
tions to the thermal generation give two regions of
heterojunctions, what has decisive influence on dynamic
device resistance.

Figure 11 confirms, that assuming dislocation density
on the level of 5x107 cm? gives the best fitting between ex-
perimental data and theory. The same situation has been
previously described for devices operated at 240 K (see
Fig. 5). It appears that influence of reverse bias on genera-
tion-recombination process is not large in reverse bias re-
gion below 200 mV. The diffusion current is decisive with
contribution of Auger process in a neutral region of a de-
vice. It is clearly shown in Fig. 12, where contribution of
different mechnisms enlarging emission rate with trap lev-
els is presented. Similarly as for the device operated at
240 K, the most effective current transport mechanism is
TAT. However in this case, the TAT is predominant for
higher bias voltage above 200 mV. It is connected with
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E | U=350mV
S 105
) E
(0]
< 104 |
[
Q E
g 100
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102 |
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Fig. 8. The spatial distribution of electric field in reverse biased
(U = 350 mV) HgCdTe photodiode at room temperature.
Calculations are carried out for three levels of dislocation density.
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Fig. 9. The spatial distribution of the electric field, minority carrier

lifetime and relative coefficient of recombination rate in region of

dislocation. Calculations are carried out for three levels of dislo-

cation density. The room temperature HgCdTe heterostructure is
reverse biased (U = 350 mV).

considerable greater contribution of the Auger process at a
room temperature.

From theoretical simulation of influence of activation
energy of the trap level on dynamic photodiode resistance
results that the best agreement with experimental data has
been achieved assuming that the traps are localized 0.3E,
above the top of a valence band. Most likely, however, the
localization of a trap level depends on x-composition and
temperature in more complicated way.

Figures 13 and 14 present influence of ionization en-
ergy of traps localized in dislocation line on dynamic resis-
tance of HgCdTe heterostructure when SRH processes de-
termine the recombination rate. It is connected with deci-
sive influence of TAT mechanism, which exponentially de-
pends on ionization energy of a trap level.

Using two simple models treated ionized atoms in dis-
location line as interacted electrostatic point charges or in-
teracted electric dipoles, a number of trapped electrons in
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Fig. 10. The spatial distribution of thermal generation rate in room
temperature reverse biased (U = 350 mV) HgCdTe heterostructure.
Calculations are carried out for three levels of dislocation density.
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Fig. 11. The dependence of dynamic resitance of room temperature
HgCdTe photodiode on bias voltage for three choosen dislocation
densities. The best agreement with experimental results (black
points) has been achieved for dislocation density of 5x107 cm?,
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Fig. 12. Influence of Frenkl-Poole effect (FP), tunneling from trap
level with phonon contribution (PTAP) and direct tunneling from
trap level (TAT) on dynamic resistance of HgCdTe photodiode
operated at 300 K. The curve marks No field effect presents
situation when three mentioned mechanisms are not taken into
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Fig. 13. Dynamic resistance versus bias voltage for three different

values of ionization trap energy of dislocations. Calculations are

carried out for HJCdTe heterostructure operated at 240 K with
dislocation density 5x107 cm?,
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carried out for HgCdTe heterostructure operated at 300 K with
dislocation density 5x107 cm2,
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Fig. 15. Percent of occupied traps (ionized metal atoms) along
dislocation line d (see Fig. 1).

dislocation line have been calculated. Figure 15 shows per-
cent of occupied traps; it means percent of ionized break
metal bonds intercepted electrons. In spite of that the num-
ber of ionized atoms is about 1.5% for both temperatures
(240 and 300 K), however, local electron density on trap
levels is extremely large due to comparable size of a region
along the dislocation line and the lattice constant.

4. Conclusions

The experimental data of current-voltage characteristics of
high temperature MOCVD HgCdTe heterostructure photo-
diodes operated in the 3 5.5- m spectral range indicate on
significant contributions from tunnelling effects, which
dominate the leakage current mechanism for reverse bias
greater than a few tens of milivolts. Standard theoretical
model does not explain experimental data. To obtain better
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insight in current-voltage characteristics of real MOCVD
HgCdTe heterostructure devices, a two-dimensional model
has been developed to investigate the built-in electrical
fields on I-V characteristics. It is shown that the presence
of regions with high-density misfit dislocations enhances
the efficiency of Shockley-Read-Hall generation-recombi-
nation processes. In addition to diffusion, generation-
recombination and trap assisted tunnelling mechanisms, the
Poole-Frankel and phonon-trap assisted tunnelling effects
in calculations of dynamic resistance of the junctions have
been taken into account. Including of these effects crosses
the advantages of non-equilibrium devices out.

It is shown that the most effective current transport
mechanism in high temperature HgCdTe heterostructures is
trap-assistant tunnelling. In the photodiodes operated at
240 K, this mechanism is predominant at bias voltage that
not exceeded 0.1 V. The best fit of experimental data with
theoretical predictions for zero bias dynamic resistance ver-
sus temperature has been obtained for dislocation density
in the bulk of HgCdTe layer equal to 5x107 cm 2.

A certain divergence between experimental data and
theoretical predictions can result with assumption that that
traps are localized 0.3E, above the top of valence band.
More physically is assuming Gauss distribution of trap
states around average trap energy equal to 0.3E,. Such at-
tempt will be taken soon.

Appendix

Fenomenological model of dislocations as areas with
excess recombination velocity

Several theoretical models for recombination in the regions
surrounding dislocations have been reported [24,25]. In our
model the dislocations are considered as cylindrical areas
with the radius rp, the excess surface recombination veloc-
ity S, and the average distance between dislocations 2r, (see
Fig. Al). lonised atoms at the dislocation core play the role
of Shockley-Read-Hall (SRH) recombination centres and
have strong effect on a value of the phenomenological pa-
rameter S. The effective lifetime of excess carriers being
the function of S allows calculation of the net thermal gen-
eration (G-R). The parameters r 7, and S can be estimated
from etch pit density and lifetime experiments as reported
by Yamamoto ez al. [2] and Shin et al. [3].

The thermal generation in dislocation region can be
treated as a bulk process characterized by the bulk recom-
bination rate R (see Fig. Al). Also alternative pheno-
menological model can be used in which the process on cy-
lindrical surface is described by the surface recombination
rate S. Both models are equivalent if simple relation

Ghmré = 27rghS, (A1)

is fulfilled. Then
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and excess surface recombination velocity S. The average distance
between dislocations is 2r..

_25

G .
To

(A2)

In Ref. 26, the effective carrier lifetime 7,4 in dependence
on ry, 17 and S is given by

2
To = T[l - ’02](1 - ;[)
r

4

(A3)

where

,2/_ . 2 2 .
4 In — 7 7 1A ¥
M==210"70,49l1,0250 4 2 +In| 2 (A4
27 { Dt 2Dt Y 24Dt (A9

D is the bipolar diffusion coefficient and 7 is given by

1 TppH, +T,nl
L p p n n ’ (A5)
T T,T,(pu, +nu,)

where n and p are the electron and hole carrier concentra-
tions, respectively, whereas 7, and 7, are the electron and
hole carrier lifetimes in the region of dislocation core be-
tween the radii 1y and r.. These carrier lifetimes are deter-
mined by band-to-band recombination mechanisms (Auger
1, Auger 7, and radiative recombination) and SRH recom-
bination. It is assumed that in the region of a dislocation
core, the main generation-recombination mechanism is
SRH process connected with the trap levels created by bro-
ken bonds of cadmium and mercury. The electric field en-
hances generation-recombination process in the dislocation
core and through this effect influences the value of the pa-
rameter S. So, to ascertain influence of electric field on the
parameter S, we can study its dependence on the bulk re-
combination R [see Eq. (A2)].

424

Opto-Electron. Rev., 12, no. 4, 2004

For simplicity we assume that the electrons in a con-
duction band are captured by the traps localized on a dislo-
cation line with the rate R, which can be expressed by

R; =c,nNpyg =N/ 1, (A6)
where Npyg is the number of trap states in a single disloca-
tion and N, is the number of the ionized traps.

Emission rate with traps is proportional to N,”, namely
R) =e¢,N, . So, with equilibrium condition results

N -N

Therefore, the resultant trap rate for an electron is equal to
R, =c,(n—ng)[Npys —N; 1. (A8)
Analogical considerations for holes captured by traps

give the following equations:
for hole emission coefficient

Ny
e, =CpPo (A9)
Npys =N,
for hole trapping rate
Rp:Cp(p_pO)Nt_' (AlO)
In steady state condition R, = R, = R, and then
¢ ncp(n—=ng)(p —po)
npt 0 N, (AL

:cp(p—p0)+cn(n—n0)

Capture coefficients of the electrons and holes, ¢, and ¢,
depend on ionization energy of a trap level. Similarly as for
trap levels connected with point defects, the electric field de-
creases ionization energy of trap levels connected with dislo-
cations. Three mechanisms considered for point defects; FP,
TAT, and PTAT, seem to be the main mechanisms which
decrease the ionization energy of dislocation levels.

Figure A2 shows three kinds of electric-field-assisted
emissions from a Coulombic well. Arrows indicate the pos-
sible mechanisms of electron and hole emissions:
Frenkel-Poole emission (FP), pure tunnelling from trap
level into conduction or valence bands (TAT), and phonon
assisted tunnelling (PTAT).

The parameters g, and &, determine relative changes of
electron and hole emission coefficients with trap levels,
and they are enhanced by electric field of FP, TAT and
PTAT mechanisms. They are expressed by equations

0
(ep)TOTep
0 1
€p

S6(E) = (A12)
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Fig. A2. Atoms along the dislocation line together with
neutralizing positive charges make the neutral electrical complexes
having significant dipole moments. Interactions between
complexes have dipole character. External electric field modified
the electric potential around the dislocation line decreasing
ionization energy of electron trap in certain directions.

(en)ror =(e)pp +(e,)ry +(€,)rar,  (AL3)

and

(ep))ror =(ep)pp +(ep)ry +(ep)rar-  (Al4)
These relations are taken from Ref. 25 [Egs. (15), (18) and
(19) in this paper]; however in this case instead of spherical
Coulombic an additional potential of ionized atoms located
along the dislocation line should be included, what is
shown below. Instead the emission coefficients in the case
of absence of electrical field are given by

o Npys—N,

00 = Opg —208 " (A15)
Nt
N-
) =cdpg—"—, (A16)
Npys =Ny
where
0
¢S =0,v) (A17)
The thermal coefficients

<Vmp>::(8kBT/”mP)
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The electron and hole capture cross sections, o, and o,,,
have been taken as equal to the capture cross sections of
point defect trap levels. According to Ref. 4, these values
are equal to o, = 1.4x10 ° cm? and ¢, = 1.4x10 6 cm? for
electrons and holes, respectively.

The electric field influences the value of the parameter
S owing to a change of effective ionization energy of trap
states in a dislocation region. If S; means the S-value in ab-
sence of electric field, then the surface recombination rate
in the electrical field E is equal to

c,?(p—po)+c°(n—no)

OP-po)+ =

S:SO

: (A19)

5. R0 cp ¢ (n—no)

6 (E)

It appears that good potential approximation for point defects
is Coulombic spherical potential of point defect [27,28].

In the elaborated model we assumed that if the trap
level connected with metal atoms (Hg or Cd) composed
saturated bonds in dislocation region is filled by electron,
then the atom will be ionized negatively. lon charge will be
neutralized by positive charge (holes or ionized impurities).
In such a way, the ionized atom together with neutralizing

Poole-Frenkel
emission

Electrons

Phonon
assisted
tunneling

Pure
tunneling

Pure
tunneling

Holes
Phonon
assisted
tunneling

Poole-Frenkel
emission

R O=0

A

Fig. A3. Three mechanisms increasing emission rate from trap

level caused by built-in electric field: Poole-Frenkel emission, pure

tunnelling from trap level into conduction or valence bands, and

phonon assisted tunnelling. Taking into account these mechanisms
the S-parameter is modified.
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positive charges make a neutral electrical complex having P e8 N4 — kTN
significant dipole moment. This complex should be inter- - _32(n2 e)*E2 ST
acted as electrical dipole. lonization energy of a trap level '

. . 2
should correspon(_j to the_ potential energy of a dipole. /|2 4+141n 7T3ET /2(8)‘80)3,(@5 —Zln N,
Hence, the following relation has been assumed [29] ec V3 2

83

(A21)

(A20)  where c is the lattice constant and / is the length of a dislo-
cation line (thread).

where p is the complex dipole moment, ¢ is the electron A number of complexes (ionized traps) can be calcu-

charge, ¢, is the relative dielectric constant, and &, is the lated with a condition for minimum of free energy

vacuum dielectric constant.

T'™ 4ne,eqp’

It results from the above considerations that the com- OF —-0. (A22)
plexes interact through interaction of dipole moments caus- IN7
ing their ordering along dislocation line (see Fig. A3). In
this way it is possible to found a number of ionized atoms Now, we consider the influence of electric field on en-

localized along the dislocation line. In this way the ioniza-  ergy of electrons localized around a thread of dislocation. It
tion energy E, is only one fitting parameter, which deter-  is easily shows that resultant potential of all complexes in

mines the dipole moment of a single complex. ‘ the point P is equal to
p cos 6 1 1
On = ane £, 1,2 2, 04, 2\W2 > 5 , /2
poo Lo (a® +2arcosf+r°) [(n-D?a? +2(1-Darcoso+r? |
(A23)
. 1 B 1
2 2 282 [
[(NT—n)za2 +2(NT—n)arcose+r2]l/ (a® - 2arcos0+r?)Y
The most profitable energetic situation (minimum) To calculate the average value of potential for points lo-

takes place when interacted complexes are uniformly ar-  calized at the distance rsin6 from thread dislocation, aver-
ranged along a dislocation line. Non-uniformity can be aging the potential ¢, with omitting extreme points is nec-
also included assuming that additional energy originates  essary

from dipole interaction between the complexes. Using

procedure previously proposed by Read [30] for ionized _q N
traps treated as point defects, the minimum of free energy U= N Z(Pn- (A24)
can be calculated assuming that dipoles possess the aver- T n=2
age dipole moment p. It can be shown that the free energy o )
can be given by After approximation of the sums by integrals, we can ob-
tain
_ )4 cos6 N, 1 1
(0(”, 6) = 7‘-’-7 1/2 - 1/2
476G | 7 P2 arcoso 5 12 2rcos6
Ny +——+r T N +r
(N7 Nt N7 Nr (A25)
2 2 2lr 2 1
2/ VI +r° +1+2rcosO | .| —C0SO+r° + —+rcoso
+—LIn Nt Nr
5 :
! (2\/12 +r2 = 2lrcosO + 2rcos6 —l)(\/lz +r2 +2IrcosO +1+rcos€)

] ]
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Analysing Fig. A2 it can be easily shown, that in the
case of the external electrical field E, the electrical poten-
tial in the point P equals
o(r,6,0) = @(r,0) + rEsin 6 cos ¢ + rE cos 6y, cos 6. (A26)
In this case, the energy making a barrier for emission of
electron from dislocation line decreases, instead its value
depends on direction in space referred to thread of disloca-
tion and the electric field E. It can be calculated as

5(I’max,9, ¢) = _8(p(rmax19! (D)! (A27)
were rma IS calculated with the condition potential
extremum (see e.g. Ref. 28)

29(r,0,9)

or "’ = I'max

=0 (A28)

From this condition, the following relation can be achieved

o(r,6,9) = (r,0) + 61Ersin 0 sinfcos ¢ (A29)
+ 6, ErcosOp coso,

where

E<9<7r,§7r<¢<27r
2 2 ;

T Vg
1 dla 0<6<—, 0<op<—,
51={ 2 0<3
0

5 _{1 dla 0<6<”
1= 2:
0

The effective ionization energy Er  can be obtained in
the way described by Hartke [28]. In our case it is equal to

2r w
_ 1 . ET - 5(" ’ 91 (P)
ET(#— kgl In{M _([dq){ sin Gexp{— kTmaX}de} (A30)
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