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Abstract. This overview deals with original works of authors as well as with works by
native and foreign authors, which are devoted to this or close topics. It is written with
account of the modern state of the problem, to solve which a great amount of successful
work was made by Academician of NAS of Ukraine O.V. Snitko. Considered in this
paper are the essence of the phenomenon of non-equilibrium depletion with majority
charge carriers that takes place in the field effect in silicon and a set of new phenomena
that were revealed by the authors when investigating this effect. Besides, analyzed in
detail are the processes of acceleration inherent to relaxation of the non-equilibrium
depletion in strong electric fields (£, = 3-10° — 5-10° V/cm) at silicon surface being in
various physical-and-chemical states. It is noted that the Franz-Keldysh or Frenkel
effects for local centers play the main role in acceleration of relaxation with growing E
at the silicon surface. In this case, an essential role belongs to electron-phonon
interaction of the charge carrier at the local center with continuum phonons around this

center.
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1. Introduction

The phenomenon of semiconductor conductance change
under influence of external electric field applied to
semiconductor surface through a dielectric spacing got
the brief title “field effect” [1-8]. This change of semi-
conductor conductance takes place as a result of
introduction (or taking out) of charge carriers (electrons
or holes) into it by using an electric circuit that consist of
a voltage source, leads and capacitor created from semi-
conductor, dielectric and conducting (most often metal)
electrode.

As far as in 1948 W. Shockly and G.L. Pearson [9]
looked to change the conductance of thin silicon and
cooper oxide films by using external electric field to
increase the current flowing through them. However,
they did not obtain any essential result, which was
explained by authors as screening the external field by a
charge that after introduction into semiconductor was
caught at surface electron states (SES) in semiconductor
and could not take part in conductance as it takes place
when it is in the subsurface region — region of the space
charge (SCR).

Devices based on the field effect — the so-called
“field effect transistors” — got wide application both as
single elements and in the composition of integrated
circuits only after applying the silicon as semiconductor,
on which a dielectric spacing (SiO,) was created by
thermal oxidation of silicon surface [10, 11]. Since that
time, the investigations of Si-SiO,-Me (metal) systems
were widely performed with various silicon parameters,
Si0, states and its boundary with silicon where possible
are various defects of structural and energetic character,
including boundary electron states (BES). The so-called
“real” surface without a thermally grown SiO, film was
under thorough investigation, too, with the aim to
preliminary prepare silicon surface to thermal oxidation
as well as with the purpose to reveal various phenomena
at the surface and in the subsurface region to determine
parameters of the latter in different physical-and-
chemical states of the surface (atomically clean,
naturally oxidized in ambient air, treated with various
etching agents, doped with impurities of other elements,
in particular, metals, efc.). As a consequence, a plethora
of works was published, results of which were partially
analyzed in monographs [1-8] and [12-16].
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2. Non-equilibrium depletion of silicon
with majority charge carriers in the field effect

It is known that in the conditions of thermodynamic
equilibrium the external electric field changes the silicon
conductance rather weakly at the cost of changes in
electron and hole concentrations near surface and
penetrates not so deeply into semiconductor (only of the
order of one micrometer or less) [17]. In this case,
except the change of carrier concentration, possible is
the change of their mobility caused by scattering at
silicon surface, which for the first time was considered
by J.R. Schriffer [18]. At the same time, the main part of
the charge induced by the field in semiconductor is
chiefly in SES (especially at the thermally non-oxidized
silicon surface), which causes screening the semi-
conductor bulk from field influence.

In the non-stationary regime of the field effect
that, as a rule, is realized immediately after turning the
field on, when the thermodynamic equilibrium is
absent both between c- and v-semiconductor energy
bands as well as between these bands and local levels
in SCR and at the surface (SES). In practice, only the
concentration of majority charge carrier changes in
semiconductor during the time of charging the
capacitor made with this semiconductor. When the
capacitor voltage polarity corresponds to enriching
semiconductor with the majority carriers, charging the
capacitor as well as reaching the thermodynamic
equilibrium between energy bands and local levels (that
partially capture the introducted charge) happen
relatively fast (except trapping the charge into the so-
called “slow” SES) as it is not necessary to spent the
activation energy on charge carrier transitions [2-5].
Another situation takes place when applying to the
capacitor the voltage with the sign providing the
depletion of semiconductor with the main charge
carriers as a result of their taking out from semi-
conductor. Realized in this case is the thermo-
dynamically non-equilibrium field effect when for a
long time the thermodynamic equilibrium between c-
and v-bands and local levels (including SES and BES)
is absent. It is associated with energy expenses on
activation (generation) of carriers during transitions
between bands and levels.

In our works [19-21], for the first time we
investigated far and wide the phenomenon of non-
equilibrium depletion with the majority charge carriers,
which takes place in silicon wafers of p- and n-types of
conductance with a real (treated with an etching agent)
surface. In these experiments, we used both depleting
fields and turning off the enriching ones. In the latter
case, silicon depletion was caused by the charge trapped
in SES after applying the enriching fields. The values of
the applied fields were varied within a wide range,
which enabled us to reveal for the first time the
following effects: 1) full taking out of charge carriers
form the plates with the thickness close to 300 pum
(current through them was decreased practically to zero;

2) growth and, after reaching some definite field values,
decrease in the relaxation time of non-equilibrium
depletion as well as time of samples being in a non-
conducting state (time of current cut-off), which means
field acceleration of the relaxation time for these effects;
3) dependences of the relaxation time as well as current
cut-off time on temperature within the range 300 to
170 K; 4) essential decrease in relaxation and current
cut-off times (or even vanishing the latter) in depen-
dence on exposure with white light.

It is noteworthy that relaxation of non-equilibrium
depletion in relatively low fields (that do not accelerate
it) was studied earlier in silicon with the aim to
determine parameters of SES that exchange the
majority carriers with its band [22, 23]. Realized in
[24] was the phenomenon of non-equilibrium depletion
with the majority carriers in germanium wafers that
were placed into cryostat at low temperatures (close to
77 K).

In [25] at 77 K, using the non-equilibrium deple-
tion, determined were the following silicon parameters:
surface potential (band bend) without any applied
voltage (V= 0), concentration values for charge carriers
and their mobilities, while in [26] the method of non-
equilibrium depletion was used to determine parameters
of the intervalley scattering for electrons in 7-Si within a
subsurface region.

Investigated in [19-21] were silicon samples both
of n- and p-types. Data obtained using n-Si (p=
200 Ohmecm) had the same qualitative character as
compared with those obtained for the samples p-Si (p =
4100 Ohm+cm) that were subjected to the most full
study. Sizes of the samples were as follows:
1.2x0.5%(0.02 — 0.05) cm. Most of the samples had
special block creations on their sides to avoid the
external electric field at the deposited metal (Au)
contacts. The measurements were performed in a
vacuum cryostat (~1-10* Pa) within the temperature
range 7= 300 — 170 K with the external electric field in
the form of Il-pulses of varied duration and amplitude,
both single and train-like with a variable frequency.

Summarized in Fig. 1 are the dependences of non-
equilibrium conductance on the voltage applied to the
metal electrode Vy for several measurement tempe-
ratures of p-Si. The conductance was measured since
~100 ps after turning ¥V on, which by its time was
enough to charge the field capacitor. It is seen from
Fig. 1 that positive V' provides great changes (decrease)
in conductance. As was mentioned above, it is caused by
the absence of SES screening action as a consequence of
deferred exchange of carriers with extended silicon
bands. As a result, the field penetrates into silicon rather
deep and at V= 400 V extracts holes from it all over
(conductance “cut-off”). When 7= 298 K, and the
exchange rate for carriers between SES and bands
increases, the dependence o(Vy) has the “ordinary”
equilibrium character with the minimum, which is
indicative of a created inversion electric layer at
Vm=>400 V.
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Fig. 1. a) Equilibrium conductance vs the constant external
electric voltage Vy (T= 184K, p-Si, p= 4100 Ohm-cm).
b) Non-equilibrium conductance vs V), for four temperatures
(I- 184, 11— 223, III - 241, IV — 298 K). The conductance
measured in 100 ps after applying Vi was calculated per 1 cm?
of the surface.

Fig. 2 shows typical oscillographic pictures for the
non-equilibrium field effect at low temperatures. In this
case, relaxation has a complex non-exponential charac-
ter, and therefore it is characterized with effect half-
decay time T1y,. This non-exponential decay indicates
that realization of thermodynamic equilibrium in p-Si is
not limited by activation transitions between v-band and
a single local SES, as it was adopted for low Vy [22, 23].
At V> +400 V, there observed the current “cut-off” in
the sample. The cut-off time is characterized with the
value ©. Shown in Fig. 3 are the dependences 1;,(7")
and O(T"). They have two practically exponential parts
(at T>210 K and 7T <210 K), which is indicative of the
fact that at least two discrete SES take part in relaxation.
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Fig. 2. Typical oscillograms of the non-equilibrium depletion
effect at the temperature 171 K when applying Vy, V:
+200 (a); +900 (b, 1); —900 (b, 2); +900 (c, light injection
Aplpy=0.005), T= 171 K, p-Si.

12° ®(S)
104
1 -
1074
1024
10° 4
107~ — (K
T (K™)
| 1 |
3 4 5

Fig. 3. Temperature dependences for times of the conductance
half-decay t,,, and cut-off ® (p-Si, AVy=+400 V).
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When applying to p-Si the negative voltage (—Vy)
that enriches p-Si with holes, the change of conductance
o is several hundred times less than at +V), with the
conductance fast relaxing (in microseconds) down to the
quasi-stationary values (Fig. 1) that are practically
unchanged within the figure scale. It is caused by
capture of holes in SES, which results in screening the
field, and the latter does not penetrate into p-Si bulk.
After turning —V); off, the hole charge captured in SES at
—Vm causes qualitatively the same non-equilibrium
depletion of p-Si by holes as it takes place when turning
+Vum on. And, respectively, turning +Vy off causes the
effect identical to turning —V; on.

Presented in Fig. 4 dependences 11,(¥y) and @(Vy)
corresponds to applying the voltages V==V at
T'=171 K. These dependences were obtained for a larger
thickness of dielectric in the capacitor from p-Si (with
mica), therefore, the cut-off was observed not at +400 V
but at +480 V. At the initial stages, when +V), increases
up to +100 V one can observe the growing 1, with +Vyy
(curve 1). It is associated with non-equilibrium con-
ditions in p-Si bulk and agrees with data of [23]. In this
case, T, value is determined by the rate of electron
transitions from v-band to SES as a consequence of their
thermal excitation, which results in growth of p-Si
conductance due to increasing the hole concentration in
the space charge region. When Vy>+100V, beside
thermal excitation, the electric field at p-Si surface
creates supplementary conditions to accelerate relaxation
of the effect of SCR depletion by holes, and the time t;,,
decreases.

The same character is inherent to the dependence
T12(Vy) for relaxation of a post-action (—V)y) when the
magnitudes | ¥y | correspond to those before cut-off
(curve 3). The values of t;, different to some extent as
compared with the curve 1 can be explained by the
following: 1) in the process of post-action relaxation for
negative Vy, the efficient capacitance increases, that is
the charge induced in semiconductor grows; in the

T, 0(s)

. 12!

0 T

T
0 500 1500 |le’\/

T
1000

Fig. 4. Dependence of times 1y, and ® on the value V).
1— 110 2— O (at +Vy); 3 - 110 4— O for post-action
(=Vm). p-Si, T=240 K.

course of post-action (—Vy) it decreases with time;
2) charge in surface states after turning the negative
voltage off (when the metal electrode is connected with
ground) is screened not only by the charge of the
opposite sign in the semiconductor bulk, but the charge
of the opposite sign on the metal electrode, which lowers
the induced charge in the semiconductor bulk; 3) capture
of the charge by surface states, and in this case
conductance relaxation is realized by different ways for
+Vy action and —V); post-action due to different filling
the states. The opportunity of realization of these reasons
is confirmed, for instance, by some lower values of
negative voltage post-action as compared with the field
effect for the positive voltage of respective magnitudes.

The time, during which the semiconductor has
practically no conductance at applied +Vy (“cut-off
time” @), possesses its peak value at definite voltage
magnitudes (curve 2). The rate of ® growth up to its
peak value with increasing the voltage is higher as
compared with the rate of its drop at high voltages. This
dependence can be explained by both thermal and field
generation of carriers. At higher temperatures, strong
fields (for example, V> 1200 V at 241 K) can decrease
® down to the time comparable with that of charging the
capacitor. Therefore, the cut-off is not practically
observed.

In the case of —V; post-action (curve 4), the depen-
dence of ® on the voltage has a peak, too, but the latter
is shifted into the region of higher | Vm | , and the value
Onax is lower a little than in the dependence 2. When

| V'm | >900 V, © of post-action has higher values than

those for the respective +V),, and its dependence within
the range of voltages 1000-1800 V is more smooth.
Probably, it is caused by the same reasons that yield in
differences between 1y, values for +V action and —Vy,
post-action. And finally, growth of post-action 1y, for
negative Vy; within the range 500-1500 V in comparison
with 1/, that corresponds to the voltage close to 500 V is
caused by peculiarities of post-action relaxation. As was
said above, the matter is that post-action relaxation is
non-exponential: for larger time intervals after turning
the voltage off the instantaneous time of effect relaxation
is increased. Within the area of cut-off appearance
(Vvm> | 500 | V) 11, was measured after the time ®, and
not immediately after turning the field off as it was
done in the cases of voltages less than 500 V. It is the
reason that causes higher t;, values. The reasons of
discrepancies between 71, values within the ranges
V< |500| Vand > | 500 | V for the cases of +Vy
action and —V) post-action are the same. For example,
Fig. 2b shows the oscillograms of +Vy action and —Vy
post-action in the area of cut-off; in the case of —Vy
post-action, conductance relaxation is decelerated espe-
cially after the half-decay time.

The non-equilibrium field effect takes place at the
room temperature, too. It is seen from Fig. 1 (curve 4)
that, although the cut-off is not observed in this case, the
conductance minimum is rather deep (one third of the
total sample conductance). While the depth of the
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equilibrium minimum (measurements in 2 to 3 ms after
turning the field on) at the room temperature is tens of
times less, with the minimum corresponding to the same
voltage as that for the non-equilibrium one.

It should be noted that light has an essential
influence on the non-equilibrium field effect. It should
be expected, as light generates electron-hole pairs and
causes transitions between levels and bands, which
accelerates the course of the non-equilibrium process.
Shown in Fig.2 are the set of oscillograms that
demonstrate the influence of light exposure providing
the injection level of the order of Ap/p = 0.005. They are
obtained at +800 V and the temperature 170 K. The
oscillogram (a) was obtained with the darkened sample,
while (c) — under constant light exposure. It is seen that
the time of the effect half-decay is almost 200 times
decreased under exposure. Besides, the cut-off is not
practically observed in this case, although in darkness
the cut-off duration is close to 1 s.

The oscillogram (b) describes field effect relaxation
for the case of pulse periodical light exposure with the
same injection level. Oscillogram hatches show conduc-
tance relaxation in darkness, and transitions between
hatches corresponds to periods of sample exposure. Note
that at the initial moment (after turning the field on and
charging the capacitor) the effect magnitude is the same in
all the cases. It means that the field penetrates over the
total semiconductor thickness. Light considerably acce-
lerates the effect relaxation. The latter depends not only
on the light intensity (injection level) but on the duration
of its action. At higher light intensities, relaxation
processes naturally accelerate. Thus, investigation of the
non-equilibrium field effect needs thorough darkening the
sample, which was provided.

When investigating the non-equilibrium depletion
with majority carriers, it is necessary for contacts to be
non-injecting of minority carriers, as in the opposite case
this also results in acceleration or liquidation of the
effect.

Thus in the work [19], investigated for the first
time was the non-equilibrium depletion in strong electric
fields. This enabled to reveal such phenomena as:
cut-off of the current through the sample, relaxation
acceleration of the non-equilibrium depletion due to
field mechanisms, essential influence of the temperature
and white light exposure on the processes under
investigation.

In [20, 21], being based on the data above the
authors performed theoretical verification of the field
effect mechanism in the regime of non-equilibrium
depletion. They calculated changes of the space charge
in SCR, electric field in p-Si, Si conductance and
capacitance in the dependence of the potential drop on it
in the non-equilibrium regime. It is shown that the
calculated depth of field penetration at the moment of
cut-off for the current through the semiconductor
coincides with the Si sample thickness, while the
calculated value of the charge carrier mobility in the
field effect coincides with the hole drift mobility under

high voltages, if the change in capacitance is taken into
account. It is indicative of a good qualitative and
quantitative accordance between the theoretical model
and experimental data and confirms the offered mecha-
nisms taking into account the dominant role of majority
charge carriers in changing the conductance as well as
slowing there generation time down at lowered
temperatures from SES. While generation of majority
charge carriers from local levels in the silicon bulk and
that of minor carriers (with creation of the inversion
layer) play essentially more weak role.

Being based on investigations of the non-
equilibrium field effect in silicon, in [19-21] we brought
out the idea to design new type of semiconductor
devices with an isolated field electrode [27]. It was noted
that these devices could provide amplification, modu-
lation and storage of electric signals, realize modulation
of infra-red light, play the role of a changeable resistance
and capacitor (varactor), be sensitive detector of light
and other radiation types, be used as time and
temperature relays.

The so-called “charge coupling devices” (CCD)
turned out to be the most efficient ones among those
using the phenomenon of non-equilibrium depletion. For
the first time, they were developed in 1970 [28, 29].
They are based on the principle of “charge coupling” in
the integrated MDS system, where charge information is
kept in elementary MDS cells in the regime of non-
equilibrium depletion, is transferred between these cells
over this integrated system by using the soft created
external electric field and then withdrawn from this
integrated circuit. The most successful application of
CCD:s is realized in optoelectronic image detectors [14].
Also developed were various types of CCDs [8, 12, 14]
that are widely used in technique.

An important property of these devices is storage of
information in MDS cells and its safety in transfer,
which can be disturbed by generation-recombination
processes most often caused by non-equilibrium
depletion. Therefore, studied in many works are the
relaxation processes associated with the non-equilibrium
depletion effect in silicon, which is important both for
integrated MDS electronics in the whole and for
ascertaining the relaxation mechanisms as well as
opportunities to control them. The latter purpose can be
reached in the best way, if one uses silicon and the
system Si-SiO, with various physical-and-chemical
surface states both in silicon and in its interface with
Si0,.

3. Mechanisms of non-equilibrium field effect
relaxation in silicon under strong electric fields

In this chapter, we are mainly focused on the results of
studying non-equilibrium depletion relaxation under
strong electric fields when different electric-field
mechanisms of its acceleration are valid. The main
attention will be paid to our works performed during
1981-1986 [30-38].
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As it can be seen from Chapter 2 as well as from
many other works, in particular [39-48], generation
processes under non-equilibrium depletion in the field
effect can be separated into four groups: 1) thermal
monopolar generation of majority charge carriers from
SES (BES) into the respective band of majority carriers;
2) thermal generation from local levels into SCR;
3) bipolar generation of electrons and holes, including
participation of SES and local levels in SCR, when some
inverse layer of carriers form at the semiconductor
surface; 4) field generation mechanisms or the combined
thermo-field ones in strong electric fields present both in
semiconductor and in adjacent dielectric.

Dominance of one of these mechanisms at specific
temperatures and electric field values in the vicinity of
semiconductor-dielectric interface depends on: 1) semi-
conductor nature, its forbidden band width; 2) dielectric
nature; 3) physical-and-chemical state of the surface
(interface) of semiconductor; 4) concentration and
capture cross-section of carriers for SES (BES) and local
levels in semiconductor SCR as well as in boundary
dielectric. In wide-gap semiconductors (GaAs, CdS),
where the concentration of local levels in SCR is high,
as a rule, and the concentration of SES is mainly high,
too, relaxation of non-equilibrium depletion is realized
due to electron (hole) transitions between them and the
respective band of majority carriers. In this case, the
inversion layer is not created, as a rule, even after a long
time [46-48].

Another situation takes place in narrow-gap
semiconductors, in particular in silicon and its boundary
with SiO, [39-46] where possible are all (1) to (4)
mentioned above processes in non-equilibrium
depletion. Dominance of one of them depends, first of
all, on the physical-and-chemical state of silicon surface
and its SCR as well as on values of temperature and
electric field. After a long time of non-equilibrium
depletion relaxation, as a rule, there arises the inversion
layer of minor charge carriers at the external boundary
of SCR.

Mechanisms of non-equilibrium depletion rela-
xation in strong electric fields when thermal-and-field or
pure field acceleration of relaxation were studied in our
works [30-37] for various states of silicon surface,
namely: atomically clean surface; real (etched) Si
surface; Si surface after thermal oxidizing it; real Si
surface after doping it with metal impurities; industrial
MDS structures, including y-irradiated as well.

It is noteworthy that in our works the calculated
electric field on silicon surface being in various states,
when field acceleration of non-equilibrium depletion
relaxation was observed, was within the range 3-10° to
1-10° V/em. These field values did not result in carrier
avalanche inside SCR in our samples [8, 49, 50]. In most
cases, this relaxation acceleration can be successfully
explained using the works by Timashev [51, 52], who
considered ionization of deep centers inside SCR in
semiconductors with account of the Frenkel [53] and
Franz-Keldysh [54,55] effects. The essence of the

former one is electric-field lowering the potential barrier
for releasing the charge carriers from the deep center that
possesses the far-acting potential. While the Franz-
Keldysh effect is associated with transitions of charge
carriers to virtual states in the forbidden gap, which arise
near allowed bands in strong electric fields.

Investigations of non-equilibrium  depletion
relaxation were performed using the samples of p-Si (p =
2300 Ohm-em) and »-Si (p = 170 Ohm-cm). After
applying the voltage Vy to the measuring capacitor M-
mica-Si depleted with majority carriers and charging the
capacitor by using an oscillograph with memory, we
measured changes in semiconductor conductance
do,/ di(f). In the case of n-Si, for example, the following
relationships take place:

dn/dt=(1/qu,)dos(¢)/ dt, (1)
Ex = (1/880)'A('53 / Mo (2)

where dn/dt is the change in the electron concentration
in the c-band as a result of their transition from SES to c-
band, g — electron charge, p, — electron mobility (in the
first approximation, it corresponds to the bulk one), € —
dielectric permittivity of Si, g,= 8.85-10"*F/m, Ac, —
initial change in conductance after charging the
capacitor, E;— the value of the electric field at Si surface
[20, 21].

In accord with works [51, 52], the velocity (dn/dt)
of non-equilibrium depletion relaxation as a result of
electron transitions from SES into c-band due to the
thermal-and-field mechanisms can be written as:

dnldt=x N,C,exp (E,/ kT +vy E/'*+ v E), 3)
y=aq¢?/kT[1+((E—~B)kT)/o"], 4)
v=(1/24) ((gh)*/ (m (kTY)[1 + (E,~ B) kT / )T, (5)

where N, is the concentration of SES filled with
electrons; C, — cross-section of capturing the electron by
a surface center with the energy position E; relatively to
c-band; « — coefficient that only weakly depends on T
and E; ¢ and B — parameters of the theory for multi-
phonon processes in the local center E; ; a — dimen-
sionless coefficient with the value dependent on the
potential profile in the vicinity of the Coulomb center (in
most cases o < 1). B parameter is associated with a shift
from the equilibrium position of atoms that surround the
local center (E,, N,), when electron passes from the local
center to the allowed band (c-band). Connected with this
process is also o parameter that characterizes an
effective coupling between this electron and at the
(E,, N,) center and ambient phonons. When temperatures
exceed the Debay one, the relation o® = 4BkT takes place
[51,52]. It should be noted that the influence of
electron-phonon interaction on ionization of the deep
center in a strong electric field was also considered
in [56].

The term exp(—E,/kT) in the equation (3)
characterizes thermal excitation of electrons from SES
into c-band. This excitation can be accelerated due to a
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strong electric field via the following mechanisms:
1) field decreases the potential barrier for electron
transitions from SES into c-band (if SES are of the
Coulomb character) due to the Frenkel effect (term
exp(YE;"?)); 2)field accelerates electron transitions
E,—c-band due to the Franz-Keldysh effect (term vE,?).
In dependence of the values of the field E;, temperature
and parameters o, o, B, the term exp(vE,”) will be
dominant, if the following condition is valid:

o < (1/24)(q"*R* | m(kTY)[1 + (E,— B) kT / 6*1 E;**. (6)

3.1. Relaxation of non-equilibrium depletion on
atomically clean, real and thermally
oxidized silicon surfaces

Dependences dn/di(E,?), dp/d(ES) for n-Si and p-Si,
respectively, were observed by us on atomically clean Si
surfaces as well as on real and then thermally oxidized
surfaces [30, 31, 37]. It means that the relations (6) are
valid.

However, the physical and chemical state of these
surfaces determines the number of peculiarities in
relaxation of non-equilibrium depletion. In particular,
when a real surface is aged and a relatively stable oxide
layer (~20 to 40 A) is created in air, tunnel transport
mechanisms appear in relaxation of non-equilibrium
depletion. Shown in Fig. 5 are the oscillograms with
appearance of these mechanisms at p-Si surface (p=
2300 Ohm-cm). When the voltage on the capacitor
reaches 300-400 V, relaxation of the non-equilibrium
conductance is close to the exponential one [22] with
decreasing the relaxation time t within the range 2-10° to
6:10 s under increasing the temperature from 180 up to
270 K. The activation energy of the process determined
from the dependence t(1/7) is equal to 0.48 eV and
corresponds to the energy position of SES, from which
hole transitions into v-band take place. In dependence of
the temperature of measurements when the voltage on
the field electrode of the capacitor is V= 800 to 1400 V,

4 |-Ac,a.u.

ts

T | T T
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Fig. 5. Oscillograms of the non-equilibrium field effect for
high V', values on the field electrode (1 — 1200, 2 — 1400,
31700, 4 — 1800, 5 — 1900, 6 — 2000 V) for the aged real
surface of p-Si (2300 Ohm-cm) at 7= 190 K.

one can observe acceleration of non-equilibrium
depletion relaxation at the very beginning after
switching 7 on, while at the voltages V"= 1300-1800 V
we found additional parts of accelerated relaxation: at
T=220-250 K — one, and at 7= 90-205 K — two for the
times # and ¢, , respectively, after turning the voltage on
V (t=0). Typical oscillograms of these processes are
shown in Fig. 5.

The dependence of the relaxation velocity dp/dt at
the origin of relaxation on Es was determined using the
formulae (1) to (5). It was ascertained that realized are
the dependences dp/dt(E,”) (Fig.6). The activation
energy determined from the dependences dp/dt (1/T)
within the range 202-262 K at the fixed value E;=
3.3-10* V/em is equal to 0.48 eV, which coincides with
the activation energy that was determined earlier from
the dependences t (1/7) for those V" values when electric
field acceleration of relaxation was not yet observed. It
is indicative of the fact that in both cases we deal with
hole transitions into v-band from the same SES with the
energy position E,=0.48 V relatively to v-band, but at
high ¥ values these transitions are accelerated by E; due
to the Franz-Keldysh effect. Coincidence between E,
values from the dependences dp/d{(T') and t©(T)
confirms apparent independence of the coefficient v
values from the formulae (3) to (5) of temperature, that
is the condition (E,—B)kT/o*>1 is valid. This
condition should be valid for all the temperatures of our
investigations (90-270 K), as in the opposite case, as it
follows from calculations, the determined E; values
cannot provide the observed acceleration of relaxation.
Bearing in the mind these £ values corresponding to the
origin of relaxation acceleration and taking into account
the condition E,>> B (as it was done in [51]), one can
estimate the value of ¢ parameter. It turned out that this
value does not exceed 0.04 eV.

Adduced in Figs 7 and 8 in the semi-logarithmical
scale are, respectively, dependences for times ¢, and #, on
J for temperatures characteristic of appearance of

dp;fdt,cm'zs.'1
E 8 7
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Fig. 6. Dependences of the relaxation velocity for non-
equilibrium depletion in the field effect on the aged real
surface of p-Si on the field E; at the silicon surface (7, K:
1- 130, 2- 152, 3— 166, 4— 190, 5— 202, 6— 223,
7 —240, 8 —262).
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additional parts inherent to accelerated relaxation. It is
seen that the times ¢, and ¢, that change within the range
4-10% to 1-10* s grow exponentially with ¥ and, besides,
they drop exponentially with the increasing temperature.
In our opinion, the appearance of these additional parts
of accelerated relaxation is caused by the voltage V
redistribution in the relaxation process between those its
fraction that drop in semiconductor V; and in the
dielectric spacing V,. Due to the change in SES charge,
V, value decreases with time, while V; increases. The
voltage V, drops in mica (V) and in the layer of the real
silicon oxide (V). Under the conditions of our
experiment, the following relations take place:

Vox = [gc dox/ (80)( dC)] (Vdf Vox) = [gc dox/ (80x dc)] Vd 5 (7)

where &, d,, €, dyx are dielectrical permittivities and
thicknesses of mica and Si oxide layer. Therefore, the
growth of the V, value with time in the course of
relaxation results in proportional growth of V, , which
promotes tunnel transitions of holes from SES, that are
present in oxide or on its external surface, into the
silicon v-band. This can explain the appearance of the
additional parts of accelerated relaxation.

T
15 20 V10°V

Fig. 7. Dependences on the field electrode voltage value for the
time ¢, that characterizes appearance of the first additional
acceleration of non-equilibrium depletion relaxation for the
aged surface of p-Si (7, K: 1-99, 2—- 130, 3 — 166, 4 — 190,
5-202, 6 — 240).
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Fig. 8. Dependences on the field electrode voltage value for the
time #,, that characterizes appearance of the second additional
acceleration of non-equilibrium depletion relaxation for the
aged surface of p-Si (T, K: 1 -99, 2 -130, 3 -166, 4 — 202).

V; value in every time moment can be determined as:
Vi) = [q po/ (2€80)] d *geplt) =
=(q pod *si/ Qeeo) [V (1) / VoL, ®)
where p, is a specific concentration of holes in Si; dg;,
dgep — thicknesses of the silicon sample and its depleted
layer, respectively; V,, — initial voltage (#=0) on the
resistance connected into circuit in series with the
sample of Si; V, () — change of voltage on the resistance
after applying the external voltage V to the capacitor.

V4(t) values that were determined in the moment z,,
when the second part of accelerated relaxation begins,
turned out to be close for all V" values at a definite 7, that
is the relaxation acceleration takes place due to growing
V, Shown in Fig. 9 are the dependences dp,/ dt at the
time moment £, on V. It is seen that exponential growth
of dp,/ dt with increasing the value V,;~ V,, takes place,
which agrees with the conception of tunneling charge
carriers through the oxide layer into semiconductor [12].
Also, Fig. 9 confirms that dp,/dt grows with 7. The
activation energy determined using the dependence
dp,/ di(T™") is equal to 0.25eV. Thus, the process of
relaxation acceleration at ¢, possesses a tunnel-activation
character. Transition of holes into Si v-band from SES of
oxide can be realized by two ways: 1) holes tunnel to
SES at the boundary silicon — oxide and then are
thermally excited into Si v-band; 2)holes first are
thermally excited onto the levels in oxide that are against
Si v-band, and then do the tunnel transition. As seen
from calculations, the electric field in the oxide layer is
sufficient to draw up the levels filled with holes by the
energy distance 0.25 eV above the v-band.

Acceleration of relaxation at the moment ¢, is also
of the tunnel-activation nature. However, in this case
acceleration appears at lower fields in oxide than that at
the moment #,, therefore, tunneling should be facilitated
due to more close location of respective SES (traps) to
the interface silicon — oxide. The fact that traps, from
which holes tunnel at the moment #,, are located far from
the interface can be confirmed by data of processing the
samples in weakly concentrated HF that lowers the
thickness of the oxide layer and results in disappearance
of the second part (#,) in accelerated relaxation.

dpzfdt,cm'zs'1 3
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Fig. 9. Dependences of the relaxation velocity dp,/dt at the
moment #, on the voltage that drops in the dielectric spacing V',
(T,K: 1-142,2-166, 3 —202).
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Acceleration of relaxation at the moment ¢, is also
characterized by the fact that it takes place at rather high
fields in semiconductor E,, thereof, relaxation can be
accelerated by both the voltages V, and V. Indeed, the
values dp,/dt at the moment #; grow due to both these
voltages, which is indicative of validity of the tunnel-
activation mechanism that includes the Franz-Keldysh
effect as well. It means that tunneling is realized via
virtual over-band states that are caused by this effect.
However, it should be noted that within the range 7=
200-240 K with increasing the depleting voltage V, the
value V;~ Vo grew higher, while at 77<200 K when
higher fields E; are realized at the surface of p-Si (Fig. 6)
the change of V' at the moment t; is accompanied by
dominant changes in the V; value, and the value V,
can be considered as independent of V' with a sufficient
accuracy.

Depicted in Fig. 10 are the dependences of dp,/dt
on the voltage V; for two temperatures. One can see that
these dependences are exponential, and In(dp,/df) ~
V,~ E,> [20]. It means that the essential role in relaxation
acceleration at the moment #, is played by tunneling to
over-band states caused by the Franz-Keldysh effect.

The dependences Ac(?) enabled us to estimate the
amount of holes that pass from SES (traps) located in
oxide and at the interface p-Si — oxide into p-Si v-band.
It turned out that at the initial moment of relaxation
the number of hole transitions is changed with 7 and V'
to some extent and lies within the range 3-10'°
to 1.4-10'" cm . The amount of holes tunneling from
traps remote from the interface Si — oxide at the moment
t; into p-Si v-band lies within the range 2-10' —
1-10"em ™, and at the moment #, (from the traps in oxide
close to Si) within the limits 7-10'° — 1.3-10"'cm™. These
results confirm that in the process of depletion relaxation
approximately the same contributions are given both by
SES of Si-oxide interface and two groups of traps
located in the oxide layer of p-Si.

dp1/dt,cm'25'1
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V107V
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Fig. 10. Dependences of the relaxation velocity dp,/dt at the
moment #; on the voltage drop in semiconductor V; (7, K:
1-152,2-190).

The majority carriers (holes) that pass into p-Si v-
band from SES (traps) due to thermal and field
mechanisms under a further increase in the voltage V' can
be heated in SCR and result in appearance of an
avalanche as a consequence of impact ionization causing
nativity of electron-hole pairs [49, 50]. In this case, the
impact ionization is realized via interband (v—c)
electron transitions, except heavily doped samples.

As seen from analysis, the Franz-Keldysh effect is
the reason for non-equilibrium depletion relaxation
acceleration at high 7 on atomically clean surfaces of
n- and p-Si [21]. In these cases, the absence of Si layer
oxide enables to observe the acceleration of depletion
relaxation in high ¥ only due to transitions of charge
carriers between SES of the atomically clean surface and
respective bands of majority carriers in Si. At the same
time, contribution of oxide traps into relaxation
acceleration is absent. Fig. 11 shows the dependences
dp/d(E;) and dn/di(E,?) obtained in investigations of p-Si
(line 1, 101 K) and #-Si (line 2, 116 K). Energy positions
of SES on atomically clean surfaces that provide the
dominant contribution to non-equilibrium depletion
relaxation were obtained from temperature investigations
of dp/dt and dn/dt values at moderate magnitudes of V. It
turned out that their distance from the respective allowed
bands is 0.4 eV. The calculated parameter of multi-
phonon processes on atomically clean surfaces ¢ is equal
to 0.023 eV and has the least value in investigations of 7n-
and p-Si samples with different physical-and-chemical
states of the surface. It seems reasonable as SES possess
ambient continuum on the atomically clean surfaces only
from one side (Si side), and electron (hole) transitions are
accompanied by “one-side” silicon phonons.

dn/dt:dp/dt,cm?s™
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Fig. 11. Dependences of the relaxation velocity for non-
equilibrium depletion on atomically-clean silicon surfaces
(1 - p-Si, 2300 Ohm+cm, 101 K; 2 — n-Si, 170 Ohm-cm,
116 K).
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Influence of silicon surface thermal oxidation on
the non-equilibrium depletion relaxation was inves-
tigated using the samples of n-Si (180 Ohm-cm) [31].
Depicted in Figs. 12 and 13 are the dependences
dn/dt(E;?) obtained before and after surface oxidation.
Comparison of them allows to draw a conclusion that for
the similar T and FE; the rate of relaxation dn/dt on the
thermally oxidized surface is the order of value less than
that for the real surface. First of all, it is associated with
lowering the concentration of BES (SES) after silicon
oxidation. However, during the oxidation process,
changed are other parameters, too, in particular £; and .
The value E, for real and oxidized surfaces can be
determined using the temperature dependences of dn / dt
at a definite value of E,. Fig. 14 demonstrates these
dependences for the value E;= 1.410* V/em. E, values
determined from the dependence dn/dt (T"") at T=230 K
for real and oxidized surfaces are 0.48 and 0.63 €V,
respectively. Thus, BES (SES) from which electrons
pass to c-band are located at larger energy distance from
c-band after silicon oxidation than that for the real
surface. It is not expected that transition of electrons
from BES inherent to oxidized surface is a part of the
process providing generation of electron-hole pairs with
participation of these BES. When 7'< 230 K, the slope of
dn/dt (T"") dependences (Fig. 14) for these surfaces is
decreased. It can be caused by both changes of BES
(SES), from which electrons are emitted into c-band, and
manifestation of the Frenkel effect at low temperatures
[52, 53].

Taking into account that the inequality £,>> B is
valid, as a rule, in these conditions [51, 52], the para-
meter of electro-phonon coupling ¢ can be determined
for every T by using the equation:

o = ( h*24m)"°E"*{A(¢*E,*) | AIn (dn/df)]}"". 9)

Presented in Fig. 15 are the dependences o(7) for
real (1) and thermally oxidized (2) surfaces. For all the
temperatures, the o value inherent to the thermally
oxidized surface with the layer of thermal SiO, (d~
1000 A) is larger than that for the real surface with the
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Fig. 12. Dependences of the relaxation velocity for non-
equilibrium depletion dn/dt on real n-Si surface on the
electric field value E; on the surface at 7, K: 1 - 204, 2 —
216,3 —232,4—-242,5—255,6—268.

layer of natural oxide (d ~ 30 A). It is indicative of a
preferential role of phonons present in the oxide thermal
layer as compared with phonons in the layer of natural
oxide, which can be associated with more elastic
structure of the former in comparison with a relatively
friable structure of natural oxide. Rearrangement of local
center (£, N,) environment, which accompanies electron
transition from this center to c-band, is related with
phonon excitation and needs larger energy expenses in
the case of thermal oxide [56].
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Fig. 13. Dependences dn/dt (E,%) after thermal oxidation of n-
Siat 7T, K: 1-210,2-221,3—-233,4-247,5-261,6-272.
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Fig. 14. Dependences dn/dt on 1/T (1 — real n-Si surface,
2 — thermally oxidized surface).
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Fig. 15. Dependences of the parameter ¢ value for electron-
phonon coupling on the temperature of real (1) as well as
thermally oxidized (2) n-Si surface.

© 2008, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

275



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2008. V. 11, N 3. P. 266-285.

3.2. Non-equilibrium depletion relaxation in strong
electric fields on a real silicon surface doped with
metals

As it was noted above, to find possible mechanisms
for acceleration of non-equilibrium depletion effect
relaxation in strong electric fields, it is necessary to
change a physical-and-chemical state of silicon
surface. In many works generalized in the monograph
[15], we showed that treatment of samples in metal
salt water solutions results in deposition of metal ions
on the surface. In this case, discharging the metal ions
with higher positive electrochemical potential than
that of silicon causes creation of thin-dispersion
island-like metal films, parameters of which depend
on the state of silicon surface during ion deposition,
their nature and concentration in the solution, pH of
the latter, time of deposition, etc. It was presumed
earlier that adsorption of metal ions with a higher
negative electrochemical potential than that of silicon
is realized via substitution of protons in OH groups
(covering the surface [16]) by these ions. Therefore,
the concentration of adsorbed ions should not exceed
that in monolayer. However, in a number of our works
also summarized in [15] we showed that adsorption of
ions of the so-called electronegative metals can
provide coatings with the thickness considerably
exceeding that of monolayers. Moreover, instead of
an amorphous silicon oxide layer we deal with a metal
silicate structure adsorbed that can have a poly-
crystalline character, and its thickness can be higher
than that of the initial oxide layer.

We investigated acceleration of non-equilibrium
depletion relaxation in strong fields by using the samples
of silicon (p-Si, p= 2300 Ohm-cm), the real surface of
which was doped with Zn [33,37] (electronegative
metal) as well as with Au [32, 35, 37] (electropositive
metal).

Doping with Zn was performed in two ways:
1) treatment of silicon samples in 1% ZnCl, water
solution with pH = 6 for 30 min (way 1); 2) treatment of
silicon samples in ZnCl, solution with pH = 9 for 20 min
(way 2). Before doping, in both cases Si samples were
kept for 30 min in boiling doubly distilled water to
improve solvability of Si oxide layer and further creation
of polycrystalline silicate layers, growth of which was
controlled using ellipsometer and electronograph.
In the first way, we obtained a silicate layer (d = 30 A)
that consist of the mixture 2Zn0O-Si0O, and
Zn(OH),'Si,07H,0; while in the second way we
obtained the silicate layer (d=60A) mainly of
Zn(OH),Si,07-H,0O composition.

Our analysis of non-equilibrium conductance
relaxation in strong electric fields at the initial
moment of their turning on for the samples non-doped
with Zn (p-Si after boiling in water) and doped with
Zn by using the way 1 indicates that the dependences
of dp/dt ~ exp(v E,”) type are realized. In this case,
the value dp/dt for the surface doped with Zn is two

orders less than for the non-doped sample at the same
values of T and E,. Besides, within the temperature
range 240-140 K for the surface doped with Zn,
acceleration of relaxation by electric field begins at
higher values of E, ((2.5 — 4.5):10* V/cm) and less
sharp than for the boiled surface of p-Si E;~ (0.6 —
2.1)-10° V/em. All this is in good agreement with the
results of comprehensive investigations of Si surface
doped with Zn, where the authors showed, first of all,
an essential decrease in the SES concentration N, after
doping with Zn [15].

Doping p-Si with Zn by using the way 2 results in
some higher values of dp/dt for the same T and E than
doping in the way 1. Besides, at lower E; one can
observe acceleration of relaxation by the field £, which
is caused by the Frenkel effect [52, 53]. Depicted in
Figs. 16 and 17 are the dependences dp/dt on E; for two
ways of doping p-Si with Zn. If using the way 2,
acceleration of relaxation by the field E; is already
observed at E,= (0.5 — 6):10° V/cm.

Fig. 18 shows the temperature dependences for the
coefficients v and y (see formulae (4) and (5)) that were
calculated in accord with slopes inherent to the
dependences In dp/dt (E,?) and In dp/dt (E,"?). Tt is seen
that the values of v are several times decreased after
doping. The values of v and y coefficients grow with
temperature (Fig. 18). In the case of the p-Si surface
doped with Zn by using the way 2, at 7> 100 K and
definite E; values one can observe a change from the
dependence dp/dt ~ exp (YE,"*) to the dependence
dp | dt ~ exp (VE,?). It takes place, if with growing E, the
condition (6) becomes valid. Using the slopes of the
dependences dp/dt (T™"), we calculated the respective
activation energies. In the cases of “boiled” p-Si surface
and that doped with Zn by using the way 1, the
activation energy is equal to 0.46 eV, while for doped by
using the way 2 it is equal to 0.14 eV. These values
correspond to positions of E; SES, from which the hole
emission into v-band takes place.

dp/dt,cm'zs'1
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Fig. 16. Dependences of the relaxation velocity for non-
equilibrium depletion dp/dt on the field E; value on p-Si
surface (2300 Ohm+cm) after doping it with Zn by using the
way 1 (7,K: 1-158,2-208,4-221, 5-239).
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Fig. 17. Dependences of dp/dt on the field E; value on p-Si
surface after doping it with Zn by using the way 2 (7, K:
1-148,2-176,3-192,4 218, 5-243).
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Fig. 18. Dependences of the coefficients v(7) (1, 2) and y(7)
(3). 1— real p-Si surface (2300 Ohm'cm) after boiling it in
water. 2, 3 — surfaces doped with Zn by using the ways 1 and
2, respectively.
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Knowing the values E, and v as well as assuming
E.>> B [51], it is possible to determine the parameter ¢
for definite 7 values by using the formula (5). Fig. 19
presents dependences o(7). It turned out that within the
temperature range 140 to 240 K for the boiled p-Si
surface the ¢ value changes within the interval 0.032-
0.024 eV, and for the doped with Zn (way 1) — in the
interval 0.040-0.032 eV. To estimate the ¢ value for the
surface doped with Zn by using the way 2 is possible
with account of the equality yE_Y”z:vEsz, when the
rooted dependence of dp/dt on E; is substituted with the
quadratic one. At 218 K, the value 6= 0.032 e¢V. The
dependence ¢ on the type of p-Si surface layer indicates
that charge carriers (holes) that are located in SES in the
course of their emission into v-band interact not only
with Si lattice phonons but with phonons of the surface
layer covering Si, too. The structure and composition of
the surface layer that defines the phonon spectrum is
essentially different in the samples under investigation.
The oxide layer on the real surface after boiling it and
respective creation of defects [57] has a friable structure.
In this case, the electron-phonon coupling (o) will be
relatively weak as compared with the case of Zn-
polysilicate film when c values are larger.

s(10%eV)
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Fig. 19. Dependences of the electron-phonon coupling
parameter ¢ on temperature (1 — real p-Si surface, 2 — doped
with Zn by the way 1).

It should be noted that for boiled and doped
(way 1) p-Si surface we revealed an additional non-
equilibrium depletion relaxation since some period after
applying the voltage V' like that observed for the aged
real surface. At = 1100-1900 V within the temperature
range 110-185 K for the boiled surface, we observed
accelerated relaxation of dp/dt values in t;= 2.5-10%—
810's after switching ¥ on. The dp/dt value grew
exponentially with the voltage V, applied to the
dielectric spacing, which is in proportion to the voltage
drop in oxide V. The activation energy value deduced
from the dependence dp/dt(T™") is 0.12 eV. This part of
accelerated relaxation is caused by the tunnel-activation
mechanism inherent to hole transitions from “slow” SES
located in oxide into v-band.

The surface doped with Zn (way 1) is characterized
by two parts of relaxation accelerated by field
throughout the times ¢, and ¢, after switching /" on. The
first part is observed after #; = 10%-50 s at 110-240 K and
V= 1100-2000 V. The second part — throughout 10'-
10s at 110-210 K and V= 1300-2000 V. The times
and £, decreased exponentially with the growing V" and
decreasing T'. The dp/dt value grows exponentially
with the voltage applied to semiconductor V; that is in
proportion to E? at the moment #,, with the activation
energy being 0.27 eV, as deduced from the dependence
dp/di(T™"). Thus, the relaxation acceleration at the
moment £, is caused by the tunnel-activation mechanism
of hole transitions from SES located in the surface
silicate film into Si v-band, when the Franz-Keldysh
effect still plays a significant role in field acceleration of
relaxation. And conversely, at the moment #,, the value
dp/dt grows exponentially with V, and does not
practically depend on V. In this case, the tunnel-
activation mechanism of relaxation acceleration (when
the activation energy is less than 0.12 eV) is mainly
caused by the value V, as V is relatively small.

On Si surface doped with Zn by using the way 2,
additional parts of accelerated relaxation at £>0 were
not revealed. It can be associated with location of slow
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SES inside the silicate film far from Si surface and a
difference between their parameters as well as with
lower values of electric fields both in Si and in the
silicate film.

Let us proceed to consideration of non-equilibrium
depletion relaxation accelerated by field when p-Si
surface was doped with Au taken as an electropositive
metal that forms island-like metal films on Si surface
[32, 35]. Doping p-Si with Au was performed treating
the samples in 48 % HF solution where AuCl; salt
concentration was changed within the range 5-107 to
1-10* mole/l. Relaxation of non-equilibrium depletion
was investigated as earlier in the course of changing the
sample conductance after applying the external voltage
V. It was ascertained that the dp/dt relaxation velocity at
the initial moment (¢>0) depends both on the
temperature of measurements and, starting with some
values, on the field value E,, as well as on the
concentration of the doping Au impurity. On the p-Si
surface treated in HF solution not containing the Au
impurity and with this impurity (C= 5-10"7 mole/l (at
T>120K)), the dependence dp/dt~exp(VE,") takes
place. However, the samples doped with higher Au
concentrations indicated the relation dp/dt ~ exp (YE,"?)
at 7< 170 K. Considering various states of the surface in
the following sequence real — treated with 48 % HF —
doped (5:10 "mole/l), we found that the dp/dt value
grow by almost five orders. This essential growth of
dp/dt values for HF-treated and doped with Au surface is
caused by several reasons and, first of all, by growth of
the concentration of SES traps N, [58] as well as by
increasing the capture cross-section C,. The latter value
was determined using extrapolation of dependences
Ino(7T") at 7" — 0 [22, 23], where 1 is the time of non-
equilibrium depletion relaxation under low (non-
accelerating) V values. It turned out that for real
(oxidized) surface C,= 2-10""cm’, for HF-treated C,=
1.5:10 “em’, and for Au-doped C,= 1:10"*cm’. The
calculated o value for the Au-doped surface is 0.023 eV.
When calculating the ¢ value, we took into account that
E,= 0.45¢V (as seen from the dependence dp/dt (T™")
within the temperature range 190-240 K) and E, >> B.

From the dependences dp/dt~ exp (YE,"*) that
takes place at the concentration of doping Au impurity
C> 1-10"° mole/l and their dependences dp / d{(T™"), we
deduced the parameters corresponding to realization of
the Frenkel effect promoting acceleration of relaxation.
We found that E,= 0.37 eV, y = 6.7-10 %(300/T)(V/cm) 2.
Then the condition 6*/(E, — B) > kT for E,>> B is valid
within the temperature range under investigation at
6 >0.07 eV. These o values allows to neglect the term
exp(VE,") in the formula (3), and the field dependence of
dpldt is determined by the term exp(yE,"?). Therefore,
transfer from quadratic dependences on E; to the rooted
ones with growing C is determined by the growth of the
o parameter.

The results of the work [32] were reconsidered in
[35] with account of non-homogeneity in E; values,
which is caused by an island-like structure of the metal

film. Presented in Fig. 20 are the calculated model and
dependences dp/dt (E,*) before and after introducing this
correction.

It was revealed wusing -electron-microscopic
investigations [15] that when the Au concentration in
solution reaches 5:10" mole/l, created on the p-Si
surface is an island-like Au structure with island
dimensions [;= 2:10"ecm and their concentration
~1-10" em™ (distances between islands L~ 3-10°m;
[;<< L). After doping, the p-Si sample is oxidized in air,
and the islands appear to be included into the film of real
Si oxide, with the thickness being of the order of the
island height Ax. The thickness of dielectric (mica) is x,
and the thickness of the non-equilibrium depletion layer
in p-Si considerably exceeds the L value.

When applying the depleting voltage ¥ to this MDS
structure, the p-Si surface potential under islands will be
always higher (with account of the equipotential
character of the field on the surface of each island) than
that in some distance from the island that exceeds
several times the island dimension /;.

¥x a)
-2 -1
dp/dt,em s
10" - 5
4p3? 4
1012 1
1011
b
10'\0_ )
28,2, 2
109_ ES1O ,V /Cm
I I I | |
0 4 8 12 16 20

Fig. 20. a) MDS system: 1 — metal, 2 — dielectric, 3 — surface
oxide film on real p-Si surface, 4 — semiconductor, 5 — island-
like metal inclusions (Au). b) Dependences of the relaxation
velocity for the non-equilibrium field effect (dp/df) on the
doped with Au real p-Si surface (2300 Ohm+cm) on the field E
value on the p-Si surface without taking into account the
additional field AE; under islands of Au (1'-4") as well as with
account for AE (1-4).
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In this case, electric field lines of force are
concentrated around the island, and the electric field E|
on p-Si surface under the island takes a value by AE;
higher than the field Ej, that can be determined via p-Si
conductance changes without account of non-homo-
geneity. Thus, to obtain correct dependences dp/dt (E;)
one should find a value of the additional electric field
under islands AE;. This value stems from the solution of
3D Poisson equation with L >> [, if one calculates first
in a linear approximation the additional potential under
islands A@(x, ) and then AE:

AE; = —dAg | dx = (4e,e4Ey/ mei (& €2))(Ax / [)R, (10)

where ¢ is 2D vector in the surface plane (y, 2); €, €4, & —
values of dielectric permittivity for semiconductor, mica
and oxide layer, respectively; R — coefficient calculated
with a computer and equal to 1.62-1.74 in dependence
on the ratio L to /. Calculations using the formula (10)
result in
AE;=13Ey; E;=Ey+ AE;=23E|,. (11)

Fig. 20b shows the dependences dp/dt (E;): lines 1
to 4 were obtained with account of the correction AE,, 1’
to 4" — without account of this correction. It is seen that
account of the correction results in a considerably less
slope in the dp/dt (E,*) dependences, which has the same
magnitude for all 7 values. It means that after
introduction of this correction, the value of electron-
phonon coupling parameter (independent of 7) grow:
o = (W/24m)"°E/*[A(¢’E}) | A(In(dp/d1))], (12)
where e, m are the charge and mass of holes, £, — energy
position of SES. The E, value does not depend on the
correction and is equal to 0.45 eV. Calculation of ¢ with
the correction AE; results in ¢ = 0.035 eV (without the
correction ¢ = 0.023 eV), which is higher than the o
value for the real surface (0.028-0.031 ¢V). It means that
excitation of holes from SES into v-band is essentially
promoted by phonons not only of Si and oxide film on it
but by phonons of the metal islands as well.

With the Au concentration C > 1-10° mole/l, when
a considerable fraction of p-Si surface is covered with
Au, and the dependences dp/dt ~ exp(yE,"?) are valid,
AE; correction can be not taken into account without
noticeable errors in results. Given in Fig. 21 are the
dependences of dp/dt at the same value E;=
1.5-10* V/em and dp/dt for the same T= 90 K on the
concentration C of the doping Au impurity. All of them
have the N-like character. A similar shape of
dependences on C was earlier observed for the SES
concentration and the velocity of surface recombination
for non-equilibrium carriers after their generation by
light. This N-similarity is caused by processes of
creation and break of Au-Si bonds in the course of
nucleation and coagulation of islands [59, 60].

dp,’dt,cm'zs'1

-
o,
I..

w

: ¢, mol/l
18 ] I I
10 10 10 a)
dp/dt,cm”s™
A A
3
11
2
1
10 _/\/
c,mol/l
9 I

| I J
-7 -6 -5 -4 b)

Fig. 21. Dependences of dp/dt typical for the p-Si surface
doped with Au on the concentration C of the Au doping
impurity in water solution: (a)—at 7,K: 1 — 84, 2 - 127, 3 —
163; E;= 1.5-10% V/em; (b) — at E,, V/em: 1 — 1-10%, 2 — 2-10%,
3-310% T=90K.

4. Relaxation of non-equilibrium depletion in strong
electric fields in MDS structures (M-SiO,-n-Si)

Acceleration of non-equilibrium depletion relaxation in
strong electric fields considered in previous chapters was
studied via measurements of the silicon samples
conductance. It was also interesting to observe this
phenomenon of acceleration directly in industrial
structures metal-dielectric(Si0,)-semiconductor(silicon)
(that is MDS structures) the most widely investigated
abroad [8, 12]. In this case, it is reasonable to measure
the capacitance C(f) of MDS structures after applying
the voltage V to them, which depletes silicon with
majority charge carriers.

These investigations were performed in our works
[34, 36]. MDS structures were made using the wafers
(100) of n-Si (KE®-4) thermally covered with the oxide
layer (d = 1200 A) with use of “chlorine” technology to
decrease the amount of defects at the Si-SiO, boundary.
After oxidation, Al field electrodes of 1 mm diameter
were deposited on the wafers. At the room temperature,
only ~30% of prepared MDS structures showed
noticeable relaxation of C(f) with non-equilibrium
depletion within times less than 1s, the rest MDS
structures showed practically no relaxation of C(¥)
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within several minutes. It indicates that this non-
equilibrium depletion relaxation in 30 % of structures is
caused by defects at the boundary Si-SiO,, which are
non-homogeneously distributed in wafers and “cover”
30 % of the area with deposited Al electrodes. There are
some grounds to assume that these non-homogeneously
distributed defects in Si-SiO wafers are related with
metal impurity precipitates, which are beneficial to be
created at the Si-SiO, boundary from the energy
viewpoint. These metal precipitates themselves (like to
real Si surfaces doped with Au) or as a consequence of
their interaction with Si and SiO, create defects with
energy levels in the Si forbidden gap at the Si-SiO,
boundary. The defects are efficient centers for majority
carriers to be emitted into the respective allowed band in
Si. Besides, they are the centers promoting generation of
electron-hole pairs with creation of an inversion layer at
the silicon surface in the course of its non-equilibrium
depletion. The role of these metal impurities at the Si-
SiO, boundary was partially analyzed in Chapter 10 of
the book [15].

To study the mechanism of acceleration of non-
equilibrium depletion relaxation in strong electric fields,
we took MDS structures with the relaxation times less or
of the order of 1 s (after 30 % selection). When applying
the Il-pulse depleting voltage V' to MDS(n) capacitor,
capacitance relaxation C(¢) takes place as a consequence
of generation at the boundary with n-Si some positive
(hole) charge Q,(#) that is located both in SES of Si-SiO,
boundary and in v-band as free holes [12]:
dQ / dt = (qe gono Cy/ (C(£))’) [dC(2) / df], (13)
where € — dielectric permittivity of semiconductor, g,=
8.85-10 2 F/m, C, is the capacitance of dielectric (Si0O,),
ny — equilibrium concentration of electrons in n-Si bulk,
which is determined using the formula [25]:

no = (2/qeeo)[dVId(1/CH)].

In experiments, the growth of the value C(f) was
always monotonic without any features in the form of
additional parts with accelerated relaxation, that is in
MDS structures under investigation tunneling of charge
carriers from oxide traps does not play any noticeable
role as it took place in the aged real surface. The dQ,/dt
value was determined in accord with (13) at the moment
t=~0, when the value of the field E, at n-Si surface
equals [20]:

E;,= QSV/SSO:an/ Cw:qno[l/C(O)— I/Cd]

(14)

(15)

It should be noted that at the very beginning (¢ = 0)
after depletion realization, the value (1/g)dQ,/dt is
determined by the velocity of electron emission from
SES into c-band of »-Si, and then depletion relaxation
is realized as a consequence of electron-hole pair
generation via SES or (less probable) via impurity levels
in SCR. In details, these processes were studied in [39-
46]. In particular, separation of emission processes and
those of generation of electron-hole pairs via SES and
levels in SCR was performed in [44] using the change of
the initial band caused by an additional external voltage.

It was shown that, as a rule, the emission process of
electrons from SES into #n-Si c-band dominates in the
absence of an additional voltage in the vicinity of the
initial moment (¢#~0). It is noteworthy that it is
promoted both with a high concentration of SES, as
compared to the concentration of levels in SCR, and
large cross-sections of capturing electrons in SES as a
consequence of their location at the boundary Si-
SiO, [61].

It was found in our investigations that, starting
from E,>1-10* V/iem, 1/q(dQ,/dt~ exp(VE.), that is
acceleration of relaxation due to high E values is caused
by the Franz-Keldysh effect. As mentioned above, one
can write in this case:

1/q (dQ,/ dt) = kN, C,exp(-E,/ kT +VE/), (16)

where v = (1/24) ((gh)*/ (m(kT)*) [1 + (E,— B) kT / 6*)°.
Notations in (16) are the same as adduced above.

The values calculated for MDS structures was as
follows: the energy position of SES relatively to c-band
E,=0.59 eV (as determined from the (1/¢)(dQ,/df)(1/T)
dependence); parameter of electron-phonon coupling ¢
changes within limits 0.062-0.053 eV, when T changes
from 280 up to 370 K. These ¢ values doubly exceed
those for real Si surface, which means an essential role
of thermal oxide phonons as well as impurity
precipitates at the Si-SiO, boundary when electrons are
emitted from SES into Si c-band.

In [36] we investigated MDS structures that did not
show any relaxation of non-equilibrium depletion for
several minutes (rest 70 % of structures), but this
relaxation appeared after y-irradiation of these structures
from the “°Co source with doses D >3-10%rad. It is
known that Si-SiO, boundary is the least resistant to
radiation in MDS structures [64].

In this work, we investigated acceleration of non-
equilibrium depletion relaxation C(f) for M-SiO,-n-Si
structures in strong electric fields after stimulation of
this relaxation with y-irradiation of doses D= 3-10%
1-10%; 1-10° rad. As in the case of MDS structures, where
relaxation is determined by the presence of precipitate
defects at the Si-SiO, boundary, MDS structures after
y-irradiation are characterized by the relation (16), which
means that acceleration of relaxation 1/g(dQ,/df)
possesses thermal-field nature based on the Franz-
Keldysh effect. For instance, Fig.21 illustrates the
dependences 1/¢(dQ,/dt) on E; and T™ ! for definite 7 and
E; after y-irradiation of the MDS structure with the dose
D = 3-10" rad. With growing D, the respective values of
1/g(dQ,/dt) grow as well. For example, when 7= 296 K,
E,= 7.7-10" V/em and D = 3-10%, 1-10°, 1-10°rad, the
values of 1/g(dQ,/dt) were 810", 4:10", 110" em s ™',
respectively. It should be noted that the 1/¢(dQ,/df)
values at the same 7 and E; were always less after y-
irradiation (approximately by an order) than those in
MDS structures where relaxation is determined by
precipitates at the Si-SiO, boundary.

Relaxation of non-equilibrium depletion for above
two MDS structures differs by other parameters, too. So,
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after y-irradiation of MDS structures we found: E,=
0.54 eV, 6=0.047-0.042 eV for 7= 290-370 K, while
for the MDS structure with precipitates: E,= 0.59 eV,
0 =0.062-0.053 eV.

Thereof, one can draw a conclusion that the nature
of SES, from which electrons are emitted into c-band, is
different in these MDS structures. After y-irradiation, it
is probable broken bonds of silicon =Si*-[65]. Lower ¢
values in MDS structures after irradiation indicate that in
the MDS structures with precipitates an essential role is
played by phonons of these precipitates, while in the
structures after y-irradiation essential are the phonons in
Si and SiO,.

5. Ways to neutralize non-equilibrium
depletion relaxation in silicon
by using majority charge carriers

Mechanisms of non-equilibrium depletion relaxation
considered in previous chapters both for low depleting
voltages, when they do not cause acceleration of
relaxation, and at medium voltages, when this
acceleration is observed, but avalanche multiplication of
carriers does not still appear in SCR, indicate that
depletion relaxation is determined, first of all, by the
SES concentration. SES are the main source of majority
charge carrier emission into the respective Si band, or
the centers promoting generation of electron-hole pairs
with changing the semiconductor depleted layer by the
inversion one. Therefore, to neutralize non-equilibrium
depletion relaxation it is necessary by any way to
considerably decrease the SES concentration. There
offered were several methods to reach this purpose.
First, the transfer itself from real surface to the thermally
oxidized one decreases considerably (by orders) the SES
concentration [1-14]. Besides, the decrease in SES
concentration at the boundary Si-SiO, (thermal way)
takes place as a result of thermal or laser (light way)

annealing of the Si-SiO, system [65] after its
preparation.
SES are considerably neutralized if wusing

“chlorine” technology in the course of silicon oxidation
(see, for instance, [66, 67]), when silicon is oxidized in
the atmosphere of dry oxygen with addition of HCI (Cl,)
or another compound that contains chlorine, or one
performs a high-temperature treatment (at ~1100 °C) of
the Si-SiO, system already oxidized in the mixture of
dry O, and 1 % HCL

Much more efficient damping the centers of non-
equilibrium depletion relaxation (SES and defects in
SCR) can be reached by combination of chlorine
oxidation and the way for gettering the defects by
phosphorus diffusion from the rare side of Si wafer [68].
All the enumerated methods provide an essential
decrease in the SES concentration and defects in SCR
and seem to be rather efficient for decreasing the
velocity of non-equilibrium depletion relaxation (with
respective times up to tens of minutes).

dQ
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qdt
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Fig. 22. a) Dependences of the generation velocity for the
positive charge (dQ/dt) on n-Si surface in MDS structure after
y-irradiation of it with the dose 3-10%rad (7,K: 1- 300,
2— 322, 3 - 348, 4— 365). b) Dependence of dQ/dt for E,=
5-10*V/em on temperature (1/7,K) for y-irradiated MDS

structures based on #-Si (4 Ohmcm).

As to the field MDS structures, we offered a new
method for damping the relaxation of non-equilibrium
depletion, which enabled to eliminate relaxation of the
capacitance C(¢) of the MDS structure, when this value
changes, by applying a definite depleting voltage V
(MDS varicap) [38]. This method is based on a gradual
increase of direct (or [I-pulse) voltage V up to the value
when the avalanche arises in the depleted layer of
semiconductor (silicon) that is caused by heating the
charge carriers emitted from SES. It results in a local
breakdown of SiO, with creation of a high-ohmic
channel to pump out minor charge carriers from silicon,
which prevents creation of the inversion layer.

This work was performed using two types of MDS
structures prepared like to those described in Chapter 4.
Fig. 23 shows volt-farad characteristics (C/C(V))
obtained using the MDS structure prepared in accord
without the chlorine technology (KE®-4,5; (100) plane;
oxidation in dry oxygen at 1100 °C for 180 min with
further annealing at 400 °C for 40 min in H,; dsipx=
1300 A). 50 % of prepared MDS structures had no

© 2008, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

281



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2008. V. 11, N 3. P. 266-285.

relaxation C/C,(f) at the room temperature for several
seconds. Given in Fig. 23 are data for structures with the
relaxation time less than 1 s. This relaxation is probably
caused by emission and generation processes with
participation of SES related with defects (precipitates) at
the Si-Si0O, boundary. Immediately after applying the I1-
pulse V, one can observe the dependence C/C,(V)
described by the curve 1 (dots). At V'<-15V, visible
relaxation C/C,(V) with the time ¢ (transfer from the
curve | to the curve?2) begins. The relaxation time
depends on the V value and varies from ~1s at V=
—15 V down to 100 ms at V' <-70 V. With increasing the
value |V], for example up to V'=—-140 V (typ,~ 5 s), the
avalanche arises in SCR, and a high-ohmic conductive
channel forms from material of field (metal) electrode
(Si0, breakdown). Initiation of the avalanche and SiO,
breakdown were fixed by a jump-like increase in the
value C/C,;(V) up to unity. Calculations show that the
field E, reaches the value 6-10° V/cm at this moment,
which agrees well with the data of works [49, 50] where
appearance of carrier avalanche was considered. The
breakdown regime was kept not longer than 5 s for the
MDS structure to be not destroyed by heating (with
significant spreading the channel and changes in C(¥)
values at V= 0). As it was shown in [69], the channel
formed for tens of nanoseconds has the diameter of 0.2-
1 um. Repeated measurements of the dependences
C/Cy(V) after formation of the conductive channel in
Si0O, resulted in the curve 3 at V'<-140V, the values
C/Cy4(V) of which were not changed with time ¢, that is
the curve 3 did not convert to the curve 2. The curve 3
was kept unchanged in measurements with “formed”
MBDS structures for 3 months.

0,5

V.V

1 | | | |
-50 40 -30 -20 10 0 10

Fig. 23. Dependences of relative capacitance (C/C,) relaxation
in MDS structures created by dry thermal oxidation of silicon
(KE®-4,5) on the voltage on the metal electrode of the MDS
structure: 1 — initial C/C, values before their relaxation with
time after applying the external voltage V; 2 — C/C, values
after their relaxation with time; 3 — C/C, values (stable in time)
after creation of the conductive channel inside dielectric.
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Fig. 24. Dependence on the voltage V' for capacitance (C/C,)
relaxation in the MDS structure with oxide thermally grown
using the chlorine technology after y-irradiation of the structure
with the dose D = 3-10* rad: 1 — initial C/C, values before their
relaxation with time; 2 — C/C, value after finishing relaxation
with time; 3 — C/C, values (stable in time) after creation the
conductive channel in dielectric.

Depicted in Fig. 24 are the similar dependences
C/C,(V) for the structure prepared using the chlorine
technology. As mentioned above, 70 % of these MDS
structures had no visible relaxation of non-equilibrium
depletion (or their relaxation times were of the order of
several minutes at the room temperature). The
appearance of non-equilibrium depletion relaxation
(Fig. 24) was caused by vy-irradiation of the MDS
structures (“°Co, D = 5-10% rad). It is seen from Fig. 24
that visible relaxation with time (transfer from the
curve 1 (dots) to the curve 2) begins already at '<—-8 V,
that is for lower voltages |V] than those in the MDS
structure considered above. When V<-130V, the
carrier avalanche arose in SCR of semiconductor, and a
high-ohmic conductive channel formed in SiO, with the
cross-section considerably less than the area of the MDS
structure (~1 mm?®). As earlier, for the structure
considered in Fig. 23, it provides keeping the curve 3
that does not convert to the curve 2 when V>-130 V.
The absence of relaxation for the curves 3 with time is
caused by extraction of minor charge carriers from SCR
through the formed channel in SiO, into the metal
electrode. In this case, the inversion layer in SCR of n-Si
was not formed, and the measured capacitance C(V, f)
depends only on the V' value.

6. Conclusions

Works devoted to studying the mechanisms responsible
for acceleration of non-equilibrium depletion relaxation
in silicon under strong electric fields and considered in
this paper indicate that there exist several mechanisms
for field acceleration of relaxation in dependence on the
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physical-and-chemical state of the investigated surface.
As a rule, immediately after creation of non-equilibrium
depletion by an external voltage ¥ when the electric
fields on silicon surface reach the values E,= 3-10°-
1-10° V/em, acceleration of relaxation by the field E,
begins. This acceleration can be caused by the Frenkel
and Franz-Keldysh effects. In the first case, acceleration
is caused by lowering the barrier for the transition of a
charge carrier from SES (with a far-acting potential) into
the respective allowed band of majority carriers; in the
second one, the transition of a carrier from SES is
accelerated by creation of virtual states in the allowed
band of silicon under high E; values (as a rule, higher
than in the Frenkel effect). In both cases, these
transitions of carriers have thermal-and-field nature and
depend on interaction of carriers with phonons of the
medium around SES.

Transitions of carriers from SES are the main
reason of non-equilibrium depletion relaxation. In
thermally oxidized silicon, where the SES concentration
can be decreased by an order, SES can also play a role of
centers promoting generation of electron-hole pairs,
when the depleted layer of SCR is changed with the
inversion layer of minor carriers. Generation via local
centers in SCR is possible but in most cases is non-
efficient, as the role of SES due to their high
concentration and a large cross-section for capturing the
carriers appears to be dominant.

Charge carriers that passed from SES into
allowed bands are accelerated with increasing voltage in
SCR (E, grows), which causes the avalanche due to
impact generation of electron-hole pairs, which, with
further growth of the voltage, can result in breakdown of
Si0, in the MDS structure.

Finally, it is noteworthy that in some cases (real
aged silicon surface; real surface, doped with Zn
impurity) one can observe relaxation acceleration by the
field in some time after its origination, when charge
carriers begin to pass from traps in oxide (or silicate)
film into allowed bands of silicon.
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