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APPARENT AGEING OF A SEMICONDUCTOR
CAUSED BY THE MIGRATION OF DEFECTS

STEFAN LANYI*, Bratislava

The effect of migration of mobile defects, acting as donors, on the dark- and
photoconductivity of a semiconductor has been analyzed. The proposed model of ageing
yields a time dependence of the current i ~¢™" with n<0.5, a sublinear voltampere
characteristic at the time ¢: i, ~ U' ™" and a sublinear luxampere characteristic at the time
t: i,~&'™" The results are in agreement with the properties of Hgl, single crystals.

KAXYWEECH CTAPEHUE NOJYIPOBOJHUKA, OBYCIOBJIEHHOE
NEPEMEMEHUEM JE®EKTOB

B pabore aHanusupyercs BAMSHME nepeMeieHust AeeKTOB, AEHCTBYIOUIMX Kak
HOHOPBI, HA 3NEKTPONPOBOJHOCTb B TEMHOTE # (POTONPOBOAUMOCTb MONYNPOBOAHMKA.
IIpeanaraemas mofens cCTapeHUs MOAYNPOBOAHMKA NPUBORMT K 32BHCMMOCTH TOKA OT
BpEMEHH TuUMa i~!"" ¢ nokazateneM n<0,5 u K CyGnHHEHHOH BOALT-aMIEPHOMH
XapaKTEPUCTHKE B MOMEHT BpEMEHK ¢ BUAA i, ~ '™ W cyGnuHEeRHOM MIOKU-aMIIEPHOH
XapaKTEPUCTHKE B MOMEHT BPEMEHHM I BUA i, ~ €' ™", Pe3yNbTaTol HAXOAATCA B XOPOLLEM
cornacuu co coicreamu Hgl,.

I. INTRODUCTION

An apparent polarization effect in Hgl, single crystals, appearing as a slow fall of
the current flowing after switching on a d.c. voltage, has been reported in paper [1].
However, the current following the shorting the sample showed some peculiarities.
Its initial magnitude became the smaller the longer the polarization time was and
the greater the applied voltage was, if the polarization time was kept constant. The
current flowing after the polarity reversal of the voltage applied for some tens of
minutes contained no observable transient and its magnitude was the same as
before the polarity reversal. Even if we do not consider the unusually slow decay of
the charging current { ~¢~“*~%_ the behaviour of the short-circuit and the polarity
reversal currents cannot be interpreted in terms of any known polarization
mechanism. The phenomenon can be rather considered an apparent ageing in the
electric field. We assume its origin to be the migration of ionized defects, which

* Institute of Physics, Slovak Academy of Sciences, Diibravskd cesta, CS-899 30 BRATISLAVA.

198

causes a local change in electrical conductivity. The measurements of potential
distribution support this concept [1].

The assumption widely used in the semiconductor theory that the impurities are
immobile, has a limited validity. With the use of semiconducting compounds with
greater ionicity of bond the possibility of the occurrence of a similar effect as in
Hgl, arises, first of all in devices which are stressed by an intensive electric field.
Therefore the theory of the supposed ageing effect will be outlined and some of its
typical consequences will be shown in the present paper.

1I. THEORY
IL.1. Assumptions

Let us consider a material which may be depending on impurity contents,
intrinsic or extrinsic at a given temperature. Impurities with a mobility y,, give rise
to a single donor level'). If an electric field is applied to the sample via two ohmic
electrodes, the ionized donors start to migrate. Their concentration in the vicinity
of at least one of the electrodes will change, because even if they could leave the
sample at the cathode the missing ones cannot be supplied by the anode. Thus we
are faced with the problem of a non-steady state transport in the presence of at
least three different charge carriers with electrodes differently blocking them and at
voltages U kT/e. It cannot be solved analytically. Therefore we shall introduce
some simplifications: a) neglect of diffusion; b) considering the slowness of
migration of the defects, the solution of a quasi-steady state — neglect of
displacement current; ¢) assumption of an oblong concentration profile of donors,
i.e. that the doped part of the sample is gradually reduced, while the concentration,
which is then independent of the coordinate in this part of the sample, is increased ;
d) assumption of total blocking of donors at the electrodes, whereas electrons and
holes may freely pass the interfaces [2].

A confrontation of results obtained with other concentration profiles (triangular
and parabolic ones) has shown that not satisfying item c¢) does not affect
significantly the results. The migration of donors is not hindered by a space charge,
as they are neutral as a whole or, let us say the positive charge of ionized donors is
screened by electrons. Within a short time after the application of voltage
a depletion layer arises near the anode. The conductivity drops in it, the field
strength increases and the migration is enhanced. In this manner a layer exhausted
of donors will probably arise and broaden with time.

') The treatment applies for an acceptor level as well. For simplicity we shall assume the mobility of
majority carriers (the concentration of which is increased by the impurity) to exceed that of minority
carriers.
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I1.2. Procedure of solution

‘The concentration of electrons n, and holes p, in the exhaustion layer are equal
and the conductivity is

o =enmu, +epi, =en,(u, +u,),

éronot.:tnmnm:_nBo_u:mmomomo_mnqo:mmzaom:o_omvmmmarov_.oﬁoinnrmnmn.
The concentrations in the extrinsic area (Fig. la) are |

n,=p,+ N} =p,+ BN}’,

where N denotes the concentration of the ionized donors, Ny the concentration of
all donors and

B= ANMMV (KT)™ exp [ - £0/(2kT)] o))

[3], where m, is the effective mass of electrons, &, is the distance of the donor level

from the edge of the conduction band, k is the Boltzmann constant and T the
temperature. The electrical conductivity is

0, =eni, + epou, +eNppn =~eBNp*(u, + i ).

The blocking of donors at the electrodes results in an average distance, which they

may travel, smaller than the length of the crystal. This may be expressed by
a modified mobility g, .

fio = pp/2
in case of the rectangular concentration profile and
fo = o /3

in case of the triangular profile. The mobility of impurities is usually thermally
activated, which can be expressed as

Up = tpo €xp [~ hp /(kT)],

where Ap is the enthalpy of their migration.
At the moment ¢ =0 the voltage

U=[EQ@)d

is applied to the electrodes. L is the length of the sample, E(!) is the local field
strength. The current i(l) is constant throughout the length of the sample and it is
represented by the flux of the corresponding charge carriers. The transference
number of the donors in the doped area is
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pe=—bo
Tt

The flux of the ionized donors is identical with the flux of all the donors. The
assumed total blocking of donors leads to the equation

dN,(L —1)=Np dI

_ and to the equation governing the shift of the boundary between the intrinsic and

extrinsic part of the sample
dl_(L-1ydNp

== 2
dt™ NoL dr”’ @)
caused Uw the flow of the current
Mt )
dr e

N, is the initial average concentration of the donors.
The current density i, is given by the applied voltage and the resistance of the
sample at the instant ¢, at which the coordinate of the boundary is /.

R =R=tt— L~ (4)

T T g, eB[NoLI(L —1)]'"? (tn + fio)
. Q - 2 =_H\..:N M
=7 BI)" Gy G T i) ML =D e+ i) O

.m:cmaaasm (5) into (3) and (3) into (2) and after the integration of Eq. (2), using
the boundary condition ¢ =0, [ =0 we have

eB(No)"*(pn + i)’ ﬁ L +1n(1 |«L +

:.mUAF +t«_v 1—r
st o [y () pye) =i, ®)
2 Up
where m..nm&wﬁzﬁvv:u (un +fip) and r=1/L.

Instead of the complicated and rather clumsy derivation of the explicit i(r)
dependence we shall limit ourselves to expressing the dependence /() .m:a to the
calculation of the time dependence of the current density as a function of the
position of the boundary i =i(l), using expression Gv.. . .

The result for the triangular concentration profile is obtained using the ex-
pression for the resistance , /\MQL n

Ro=Ri= Gt BINGL /(L — D] (tr + o) ”
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Except for a different effective mobility of the donors and the factor V2 the
expressions (4) and (7) are identical. However, expression (7) is only approximate,
as in the vicinity of / the conditions P2<€n, and n,=Nj are not fulfilled. This
simplification is seen in Fig. 1b. The equation (2) is valid also for the triangular
profile.

0 | L 0 i L

Fig. 1. a) Schematic representation of the samplie with oblong profile of concentration of donors. b)

Schematic representation of the sample with triangular profile : (n,), (p,) are the actual concentrations

of electrons and holes, the full line is the employed approximation of electron concentration, the
presence of holes in the interval (/, L) is neglected.

The initial magnitude of the current density may be defined in various ways. f
we assume a uniform concentration of donors throughout the sample at 1 =0

L n L, +u,)
= \J 172 = 32 Amv
o BI(NGL)"*(tt, + fin) + V2(L =11, (se +pt,)
while the equations (2) and (7) do not give a picture of the arising of the triangular
profile. If we consider the initial profile a triangular one with { =0, we obtain

i V2 n, LY (u, +1,)

|u ) 9
iv BI(NoL)"(u, + fip) + V2(L —1)*n,(, +u,) w0

Anyway, such a profile at =0 is not likely. This problem could be eliminated by
relating the current to its final steady value, however, this is not suitable from an
experimental point of view.

IIl. RESULTS

II1.1. Dark current

Some time dependences of the current, calculated by means of expressions (5)
and (6) for n,/n, = 10, 10* and 10° under the assumption y, <u, , fi, <u, are seen
in Fig. 2. For great n,/n, a well expressed dependence i ~¢ " with n <0.5 develops.

202

For n,/n, small the resulting exponent n decreases. The current vs. nEo.an_u.o:m-
ences for different electric field strengths and n,/n, = 10?, 10° are mroi.a in m_m.. 3.
The dashed — dotted curves correspond to the triangular concentration profile.
They were calculated using relations (6) and (8).

d.os 10? 1 10 Ecjp, 10!
Fig. 2. Current density vs. time dependences calculated for rectangular profile: (1) n,/n, =10, (2)
ny/n, =102, (3) ny/n, = 10%

—
3
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Fig. 3. Current density vs. time at different field strengths. Full lines: n./n,=10%, dashed lines:
n./n, = 10, dashed-dotted lines : triangular profile, n,/n, = 107, 10°.

203



ﬂo:nﬁ:m from (5) and (6) the VA-characteristics at different time instants after
switching on the voltage are shown in Fig. 4. At 1 =0 and ¢ — o the response of the
system is linear, while for an intermediate time a sublinear section i, ~ U™ with
1>m >0.5 exists. This corresponds to the drop of the current from its initial ohmic
to the steady state ohmic value and the relation m =1—n is valid.

i) [a.u]

e
o
-
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1 10 ,_o.m_pc._s

[}

Fig. 4. VA-characteristics at different time instants. n Jn =107

IIL.2. The effect of illumination

Using expressions (5) and (6) the effect of light on the conductivity of the sample
may be deduced. Different effects of radiation of various wavelengths should be
expected. The number of all possibilities depends on the properties of the centres
present in the crystal. We shall restrict the treatment to properties assumed
originally.

a) hv=E;, where E; is the gap of the material. The light of the wavelength
needed to excite electrons from the valence band to the conduction band increases
n,, p, and the steady state current density .. At small light intensities there
remains n,/n,; > 1 and the initial current density is not influenced. The character of
the time dependence of the current does not change, only its decrease should be

slower. At high ::n:manm n,/n; <1 and the current starts to be independent of
time.
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b) hv=E.—E, =&, Ec is the edge of the conduction band, E,, is the energy of
the donor level. At this wavelength donors become jonized, n, and the initial
current increase, whereas the steady state value i does not change. Any difference
between photo- and dark currents appears at short times only, which can be
interpreted as a photopolarization.

10

1 ! 1 L
1

1 10° 10*  tlaul) 10°

Fig. 5. The effect of light on the time dependence of the current: (1) dark current, n,/n;=10? (2)
hvZEs,(3)hv=¢5,(4) hv,ZEg.hv,=¢5,(5)hv=Ep —Ey.

¢) hv=E, —Ey, Ey denotes the valence band edge. At this energy excitation of
electrons from the valence band and their capture by ionized donors, which act as
acceptors, occur. In this way the concentration of the neutral donors grows, which
in turn tends to increase the concentration of the free electrons n,. At the same
time the concentration of free holes increases in a much higher degree and thus the
probability of direct and indirect recombination, hence a shift of quasi-Fermi levels
of both electrons and holes towards the valence band and a decrease of n, result.
Therefore, the irradiation by means of light of this wavelength leads to a decrease
of i,.

d) hv,=Eg,hv,=¢p. Under simultaneous illumination at both these energies i,
decreases and i. increases. .

The effect of illumination with a light of different wavelengths is seen in Fig. 5.
The dark current has been calculated for n,/n; = 107 and the same parameters as in
Fig. 3 and the photocurrent for light intensities causing a tenfold increase (or
decrease) of the respective concentrations n,, n,.

m.3. Voltage ﬂn—-oﬂ.—a-_nm of photocurrent

Since the type of time dependence of the photocurrent remains similar to that of
the dark current, the volt-ampere characteristics measured at the time instant ¢
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under illumination should have similar properties as those in the dark. The range of
time and of voltages, at which a sublinear section with i, ~ U™ exists, depends on
the wavelength and on the light intensity.

I1.4. Dependence of photocurrent on
light intensity

The variety of effects of light of different wavelengths on the current vs. time
dependence leads to more types of current vs. light intensity dependences at the
time . Light of low intensity with Av = E, increases I linearly and does not affect
lo. Within an appreciable range of times 0<f< o a sublinear i, ~£™ characteristic
with 1>m>0.5 may exist. Here £ denotes the light intensity. At high intensities
n;>n, and i, ~¢. Infrared radiation with hv =g, increases i, linearly, it has no
effect on i., for O0<t<o the slope of the luxampere characteristic should
continuously vary without the appearance of a section with a defined m<1. At
very high intensities the ionization of all donors should cause a saturation of i,. The
light with Av = E, — E,, leads to {o~¢~" and does not affect i... For O0<t<m an
area with i ~¢e™™ with 1>m>0.5 may develop. At high light intensities

a saturation should occur, when all ionized donors get neutralized by electrons
excited from the valence band.

IV. DISCUSSION

As it is seen in Fig. 3, the time dependence of the current would be little affected
whether the concentration profile were rectangular or triangular. Some minor
differences exist at short times. However, the curves calculated for the triangular

profile for (n,/n,), H/\MAE\:LD and (fip )a = (fip )a/V?2 are in fact indistinguish-
able from the respective oblong profile curves. The presupposition of the concent-
ration in form of a quadratic parabola yielded a similar result. This suggests that the
actual profile has little effect on the time dependence of the current and thus on
further consequences following from it. A more serious deficiency is the neglect of
the displacement current, although its contribution should be greater at short time
intervals, at which also the conduction current is great.

In confrontation of theoretical predictions with experimental results the as-

sumption of ohmic electrodes for electrons and holes and totaly blocking ones for .

donors may be important. In reality ideally ohmic electrodes for both electrons and
holes are hardly possible, hence some space charge will arise in the sample, which
can affect the results mainly at low voltages. Similarly total blocking for mobile
defects acting as donors need not be realized. If the donors leave freely the sample,
the expected current vs. time dependence should approach i ~¢'. However, such
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a system is irreversible, repeated measurements cannot be carried out with it and its
t paper.
treatment was beyond the scope of the presen .
The assumption of a single donor level in the forbidden gap may be an
oversimplification. If the material contains more kinds of defects having the
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Fig. 6. Current density vs. time in Hgl, single
crystals with graphite electrodes. L =1 mm, ,H<u
= 2)3V,(3)10V,(4) 30V, ) ) |
368 K. (1) U=1V,(2) 3) : . ., e Su

(5)100 V.

necessary properties but different mobilities, Bonn.oon.ﬁ:.&ﬁa dependences of
current vs. time on voltage are to be expected. The inevitable ua.nmnnon of a small
concentration of acceptors modifies the meaning of the quantity B and of the
ivation energy in expression (1) [2].
womwﬂcmosmoncw_oom oumvﬁn proposed model may be moBE:na with some results
obtained on Hgl, single crystals [1]. Fig. 6 shows the time dependence .om.nro dark
current at different voltages and Fig. 7 the current-voltage ngnnﬁ:m.anm, mea-
sured at different time instants using increasing <o_8m.n pulses. Their slope is
smaller than expected, although otherwise their cnrmSo.E. 83.0&6:%.8 the
theoretical curves from Figs. 3 and 4. The discrepancies oﬁm:._mﬁ in ox_wo:EnnS_
am.mo:_mom, since, as it is demonstrated by the awmrna. lines in 1_m.. H. Fo
Eom,-mﬁnﬁnnw are affected by previous polarization. The E:o. o.m .mro:-n_.a.nEE.nm
between two runs (ca 100 min.) was insufficient to Hamﬂono. the initial conditions in
the sample. Fig. 8 shows a series of photocurrent Vs. time .anvnjanaoom under
illumination by orange light of 2000 Ix with the maximum of 5835 at 600 nm.
The relatively small change in the current density, corresponding to the nav_wvﬁa
high intensity of irradiation causes that the slope of current-voltage characteristics
exceeds the theoretical minimum. Bube [4] found voltampere and _ES.Eﬁnno
characteristics with an exponent close to 0.5, which is in far better accord with En
present theory. Similar results were obtained by Chepur {5]). However, Fig.
8 shows the expected fall of the photocurrent to be slower then that of the dark
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current. The dark current (dashed) and the photocurrent at 5 V get close at short
times. In paper [6] the a.c. dark and photocurrent met at high frequencies. The
slower decrease of the photocurrent with respect to the dark one may be formally
interpreted as an increase of the capacity of the sample, i.e. as a photodielectric

| 1

10 10° 10° E [Veni

Fig. 7. VA-characteristics of Hgl,. L =1mm, T=368 K.(1)r=0.5s, (2)305,(3)60s,(4) 240 s.

effect, observed in [6]. Owing to the lack of published experimental details it is not -

possible to decide whether, e.g., the photopolarization and the infrared quenching
of the photoconductivity, reported in [7] can be interpreted in terms of the present
model or not.

The derived consequences of the apparent ageing resemble the results of [8)
obtained on GaP light emitting diodes. The usual interpretation of photocurrents

decreasing in time by the trapping of charge carriers [9] is asociated with
superlinear voltage dependence of both initial and steady state currents, which

seems to be the most marked difference compared to the results of the present
model. Besides, it may explain a considerable number of effects, the interpretation
of which within the framework of a single model is scarcely possible.

208

Fig. 8. Time dependence of dark current and g

photocurrent in Hgl,. Full lines: photocurrent,

£=2000Ix, maximum of intensity at 600 nm,

dashed line : dark current. L' =1 mm, T=300 K.

MHU=1V,(2)2V,(3)5V,(4)15V,(5 50V,
(6) 150 V,(7)5 V.
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