
60

UDC 621.315.592

A. A. DRAGOEV, YU. N. KARAKIS, M. I. KUTALOVA

Odessa I. I. Mechnikov National University, 42 Pastera str, Odessa 65026, Tel. +38 048 7266356, E-mail:
wadz@mail.ru

STUDIES OF PROCESSES WITHIN SHORT-WAVE THRESHOLD
OF PHOTOCURRENT INFRARED QUENCHING

It is shown that spectral position for short-wave threshold of photocurrent infrared
quenching can be the indicator for flowing processes of occupation-depletion in recombi-
nation traps. It is determined that the competition between photo-excitation and quenching
of photocurrent is the characteristic for this spectral region. Thereby, the wavelength of
shortwave edge for IR-quenching becomes sensitive to internal exposures. The model ex-
plaining the observed changes is developed.

In semiconductor crystal at illumination
which wavelength within intrinsic excitation
band does not change the photocurrent I1 is
formed. If simultaneously the monochromatic
light of controlled length, being called later as
the basic one, is directed to sample, so under
certain conditions the flowing photocurrent I2
becomes lower than the initial one: I1 > I2. At
that time the wavelength of basic light usually
locates in IR-part of spectrum. So, the effect is
called "infrared quenching of photocurrent". Its
mechanism is firstly suggested by A. Rose.

When wavelength of basic light decreases, it
also turns out to be intrinsic. Then, under the
conditions of additional excitation, I2 > I1. Since,
I1 > I2 in longwave part of spectrum, and I2 > I1
in shortwave part, in accordance to Boltzano-
Kochi theorem, the point when I2 = I1 must ex-
ist. Let's call this wavelength as shortwave
threshold for the effect of IR-quenching of photo-
current or the point of bifurcation. The switch-
ing-on of basic light in this point of spectrum
does not change photocurrent I1 being already
formed (see Figure 1 b).

The process taking place in this crystal had
not been studied earlier and investigated firstly
by us. Two variants are possible. Either the in-
fluence by basic light does not produce any
changes. Its wavelength is too far from intrinsic
excitation band and does not lead to increase in
concentration of majority carriers. Simultane-
ously, it is too small to change concentration of
minority carriers and does not produce IR-
quenching process. Either both processes, even
to a lesser degree, are activated but equal to
each other. In the latter case, as it is usual
under influence of the competitive mechanisms,
the flowing current must be very sensitive to
changes of external conditions � temperature,
applied voltage, changes in intensity of basic
light and illumination.

The goal of this paper is to study effects,
which originate at that time in the region of IR-
quenching threshold, and also to develop the
corresponding models.

Figure 1 b shows the change in photocurrent
I2 under action of basic light with different

wavelengths. Here, the photocurrent I1 under
influence of illumination is shown for conven-
ience. As it is seen in Figure 1, the highest
photoresponse in the sample appeared under il-
lumination by green light (500 nm). Namely,
this value of wavelength was used later as the
exciting light for sample.

Fig. 1. Spectral distribution of photocurrent under in-
fluence of basic light only (a) and basic and additional
lights in common (b)

Towards the longer wavelength, photosensi-
tivity develops up to the limit of IR-part (~1000�
1020 nm). Within wavelengths 600�850 nm we
observed practically tabletop part of curve. Obvi-
ously, this region forms at the expense of deep
traps depletion. These traps are responsible for
relatively long photocurrent relaxation (up to
20 minutes in each point), described earlier [1].
All the results described below were obtained in
the steady-state conditions.
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The small absolute value of current at that
time allows to suppose that the considerable
part of impurity centres are recombination ones.

The samples showed the strong effect of
photocurrent IR-quenching. Even at not very
high correlations of quenching light intensity to
exciting light one, the value of IR-quenching
coefficient Q easily reached 100%. The curve of
spectral distribution Q(λ) looks the typical
shape with two maxima in the region 1000 and
1300 nm, respectively. The kinetics for magni-
tude establishment corresponded to [1].

It is characteristic that the first maximum
Q(λ) is always found lower and narrower than
the second one. We connect this with additional
thermal transitions of holes from basic state to
excited state of R-centers [3]. The tailing of the
second maximum reflects Maxwell energy distri-
bution of photons.

The intensity of basic and additional lights
for curves in Figure 1 was chose as coordination
on to study the influence of light fluxes on spec-
tral position of bifurcation point (see below).

The values for depths of 2nd class centers -
1.1 eV and 0.9 eV obtained by spectral position
of maxima for curve Q(λ) coincide with the indi-
cated in [3].

In addition to infrared quenching of photo-
current we observed the effect of temperature
quenching for our samples. The effect of temper-
ature quenching corresponds to infrared quench-
ing, only holes from centers of slow recombina-
tion are not knocked by photons but at the
expense of temperature increase.

This effect under the applied light intensities
was observed in samples investigated beginning
from temperatures 50�60°C. Changes in photo-
current with temperature increase at several
registered intensities of intrinsic light were
processed by the procedure advised in [4]. This
allowed to determine activation energy of R-
centers. In our case it was 1.09 eV. The ob-
tained energy values correspond to the parame-
ters of slow recombination centers.

The presence of both quenching modes
shows the availability if S- and R-centers of com-
mensurable concentrations in investigated crys-
tals, moreover, the absolute value for center
number of each class should be considerable.

At selected light intensities, bifurcation point
in Figure 1 accounted for wavelength 930 nm.

1. If photoexcitation processes might have
finished at wavelength before bifurcation
point, and the effect of R-quenching might
have begun after it, so the diagram for
I2(λ) should have the shape shown approx-
imately by dotted line in Figure 1b. In this
case about *D we would observe more or
less distinct plateau coincided with value
I1. Namely, the absence of such plateau
denotes that the other opportunity realis-
es. In bifurcation area, excitation of sam-
ple by basic light and IR-quenching takes
place simultaneously. Right in the point D

these two processes are precisely compen-
sated.

2. Figure 1 a shows spectral distribution of
photocurrent when illumination is swit-
ched-off, on the same scale that in Figu-
re 1 b. As it is seen from the curve, at
that time the sample showed photosensi-
tivity, though it was inconsiderable, up to
wavelengths 1000 nm. The occurrence of
longer-wave sensitivity with respect to *D
we explain in the following way. Wave-
length of exciting light here is too high. It
absorbs slightly and the number of excited
carriers is small. Obviously, in such condi-
tions, occupation of R-centers by holes is
inconsiderable. The process of R-quench-
ing is difficult. We observed longwave
edge of photoexcitation in the absence of
quenching. But in this case, photoexcita-
tion is present especially in the point of
bifurcation.

3. Curve I2(λ) changes its smoothness to the
left of point D (Figure 2). Beginning from
wavelengths of order 880 nm, the curve
I(λ) decays more sharply to bifurcation
point. This can take place if the process of
IR-quenching has already interfered in
photocurrent distribution.

Fig. 2. Shortwave limit of photocurrent IR-quenching

The measurement of quenching curve in sec-
tion CE without excitation is impossible (simi-
larly to item 2), because the process of quench-
ing kindly requires participation of two light
fluxes. But this dependence can be calculated if
one considers that curve AB is the change of
photocurrent I1(λ) under action of excitation
only (see Figure 1a), whereas curve ADE is the
result of joint action of excitation and quenching
I2(λ). Then, I(λ) = I1(λ) � I2(λ). The segment of
curve CE (Figure 2) obtained by such procedure
shows the behaviour of curve I2(λ) in the vicin-
ity of point D, if the process of crystal excitation
with light I2 was absent.

We have obtained the same result by the
other, computation, method. In this section the
excitation from basic light (curve AB) is already
manifested, but the mechanisms forming the
current maximum behind point H are not yet
significant. The form for trendline for EXCEL
program was used for calculations. In section
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EH, function I(λ) is approximated by form
I(λ) = aλ3 + bλ2 + cλ + d, where a = 0,0002, b =
= �0,5, c = 499,08, d = �165663. Extrapolation
of this dependence up to meet with magnitude
I1 gives once again the curve CE (dotted line of
Figure 2). The curves in section CE, which prac-
tically coincide, denote the existence of quench-
ing within spectral range 900�920 nm still up
to shortwave limits of IR-effect.

4. In some cases, within the area of bifurca-
tion point we observed complex depend-
ence of curve I2(λ) with one or even two
inflections, moreover, both before and af-
ter branching point. This is easily ex-
plained under assumption that processes

of quenching and excitation, acting simul-
taneously, depend differentially on light
colour, and both depend nonlinearly. The
prevalence for one of them for each wave-
length of incident light gives rise for
change in curve nonlinearity.

So, all four arguments produced show that
competition of excitation and quenching is
characteristic for area at the beginning of photo-
current IR-quenching, moreover, namely in the
point D the intensities of these two processes
are equal.

When temperature increases, the threshold
for IR-quenching of photocurrent shifted towards
longer wavelengths (Figure 3).

Fig. 3. Coordinate dependence of bifurcation point on temperature at high (2) and inconsiderable (1) intensity of
intrinsic light

The range of operation temperatures was
chose in such way that the effect of photocur-
rent temperature quenching did not affect at the
selected light intensities. The noticeable de-
crease of photocurrent was observed beginning
from temperatures ~50�55°C. The application of
temperature values being sublimit for this effect
excludes observation of holes ejection from R-
centers to valence band.

Nevertheless, thermal transitions take place
here. According to [4], the equilibrium holes,
absorbing photons, can transit from basic levels
of R-centers with energy 1.1 eV to excited R'-
centers with energy 0.9 eV. Here, the occupancy
of R-centers with holes decreases and of R'-cent-
ers � naturally increases. It has been already
noted above, namely this process is responsible,
that the first maximum in optical quenching of
photocurrent with wavelength about 1040 nm
had always been found lower than the second
one located at wavelength 1280�1300 nm.

Here, the first maximum as the nearer to
bifurcation point influences on spectral position
for the beginning in photocurrent IR-quenching.
Moreover, according to [5], spectral position for
this maximum namely does not change with
temperature changes.

When temperature increases from room val-
ues and higher, concentration of holes captured
at basic states of R-centers decreases. At con-

stant number of photons, that fall on them per
unit of time, the decrease in occupancy of these
levels is accompanied by decrease in transition
of holes to free state.

As a result, at the expense of reduction in
quenching mechanism, the equilibrium of bifur-
cation point gets broken, and it shifts to longer
wavelengths. Here, new balance is achieved for
lower intensity of photoexcitation, but higher
intensity of quenching. This shift will take place
until increase in quenching rate does not com-
pensate the losses connected with temperature
increase.

The processes are of nonlinear character.
This explains the delay for wavelength increase
in bifurcation point at temperature increase. As
its absolute values increase, the increment man-
ifests in lower degree.

The intensities of illumination during meas-
urement of dependence λ0(T) (curve 1 in Figure
3) were chose in accordance with data in Figure
1. At more considerable illuminations by addi-
tional light, the graduated shape of transition
disappeared. The curve raised insignificantly (di-
agram 2 in Figure 3) at magnitudes λ0 within
the range of lower forepart. We explain this by
the change in mechanism of basic state empty-
ing for R-centers.

At higher intensities of intrinsic light, more
free holes are generated. The occupancy of
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R-centers is considerable. Their ejection and, re-
spectively, the intensity of quenching process
are controlled only by IR-photon flux. Moreover,
the occupancy itself remains stable. The inflow
of non-equilibrium holes to R-centers compen-
sates their knockout by photons.

On the contrary, at lower light intensities I1
and, hence, low occupation of R-centers, the
process of quenching is defined by concentration
of occupied holes, because their number is lower
than density of photon flux.

So, the shape of curve λ0(T) is the indicator
for change in described mechanism.

The samples investigated show linear volt-
current characteristics at shifts within 10�50 V
in all range of intrinsic light intensities applied.
Within the range of these values, bifurcation
point with increase of voltage shifts almost lin-
early to short wavelengths.

The obtained results correspond to the mod-
els developed by us in [6].

Since the intensities of basic and additional
light do not change during the experiment, the
processes of photoexcitation both majority carri-
ers (electrons through forbidden band) and mi-
nority ones (holes from R-centers) remain the
same. And concentration of trapped charge in R-
centers remains unchanged, respectively.

If applied voltage does not influence practi-
cally on concentration of free charge, responsi-
ble for current raise, so it changes the rate of its
transfer, that affected on current in accordance
with dependence j = env. Here it is considered,
that current raises at the expense of majority
carriers, in our case � electrons.

But this is not enough to change the balance
of excitation and quenching processes in bifurca-
tion point. The active electric voltage not only
accelerates free electrons (recorded current rais-
es), and photoexcited holes (at the expense of
recombination enhancement in R-centers the
current must decrease). Out of these reasons,
the position of bifurcation point at voltage
change must not shift.

But one more process is imposed on the
observed ones. Photoexcited holes locate about
initial R-centers and have the possibility to come
back there. As the applied voltage higher, they
carried away effectively from their traps. And
quantum yield for IR-light increases at the same
time [6].

This process can disturb the symmetry. At
the expense of additional charge supply, recom-
bination in R-centers enhances. Because of
quenching amplification, bifurcation point shifts
to shorter wavelengths where the equilibrium is
renewed by higher level of excitation.

The behaviour of bifurcation point can be the
test for change in quantum yield from R-centers.

With increase in intensity of additional light,
threshold of IR-quenching shifted to lower wave-
lengths. These changes can be easily interpreted
out of geometric reasons. In curve of Figure 1,
the raise of light intensity I1 corresponds to in-

crease of horizontal line I1. Here the dependence
of I2(λ) does not change. So, bifurcation point
must shift to the left.

In physical sense it means that with increase
in initial intensity of intrinsic light the balance
of excitation and quenching processes at short-
wave threshold of the effect is disturbed. The
additional generation of electrons takes place,
whereas the number of holes knocked out from
R-centers remains the same, because the
number of IR-photons absorbed does not change.
Since the intensity of basic light does not
change here, the equilibrium could be renewed
only by certain shift of bifurcation point to
shortwave part of spectrum, where light absorbs
better.

Note, that the given reasons are valid only
within the range for low intensities of light flux-
es, when the number of absorbed light quanta
on R-centers is smaller than the number of holes
captured on them. In the contrary, for example,
at very high quenching light and low exciting
one, L1 << L2, the observed pattern can be cor-
rected essentially by occupancy level of R-cent-
ers. The limits in application of light flux inten-
sities have been observed particularly by us in
works [4,5].

The changes in position of shortwave limit of
IR-effect with increase in intensity of basic light
resist the simple interpretation. In this case, the
horizontal line in Figure 1 remains unchanged,
whereas dependence I2(λ) changes nonlinearly.
In shortwave part of diagram it raises at the
expense of additional absorption of intrinsic
light quanta, whereas in longwave part, where
band-to-band transitions do not already take
place, photocurrent must decrease at the ex-
pense of the number of infrared photons ab-
sorbed on R-centers.

In bifurcation point the intensity of both
processes, excitation and quenching, increases,
but in different way. The raise in number of
intrinsic light photons causes the direct increase
in electron concentration and at the same time
more or less linear raise in current. Increase in
number of photons absorbed on R-centers can
be affected on photocurrent only when the
knocked holes will come to S-centers and will
cause the additional recombination of electrons.
As it was shown in [4], the return of initial
center directly after excitation can affect this
process. And quantum yield decreases totally,
and the process of IR-photon influence is found
not effective enough. As the result, the intensity
of quenching raise is backward increase of exci-
tation. Balance renewal becomes possible in
longer-wave region, when photoexcitation proc-
ess is lower, but quenching rate increases. In-
deed, the shift of bifurcation point to the right
was observed experimentally.

The studies carried out show that namely the
limit for the beginning of photocurrent infrared
quenching brings important information about
the nuances of processes taking place. Previous-
ly this aspect has remained unstudied.
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We have found that competition of photoex-
citation and photocurrent quenching is charac-
teristic for this spectral range. Thereby namely,
wavelength of shortwave edge in IR-quenching
is found sensitive to external effects. Particular-
ly, its change with applied voltage indicates that
knockout of holes by IR-photons from R-centers
takes place in two stages � the part of photoex-
cited carriers can come back to initial center,
without any participation in infrared quenching.

At increase in intensity of additional light,
the limit of the effect shifts to lower wave-
lengths because of raise in concentration of
majority carriers. In the contrary, the raise of
basic light leads to movement of the limit to the
right at the expense of prevalence in photoexci-
tation rate over quenching because of low effec-
tive ejection of holes from R-levels.

The same changes take place at temperature
raise. This is caused by decrease in hole occu-
pancy of basic state of R-centers.

Spectral position of IR-quenching edge can
be the test for behaviour of the listed processes.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÎÂ Â ÎÁËÀÑÒÈ ÊÎÐÎÒÊÎÂÎËÍÎÂÎÃÎ ÏÎÐÎÃÀ ÈÍÔÐÀÊÐÀÑÍÎÃÎ ÃÀØÅÍÈß
ÔÎÒÎÒÎÊÀ

Ïîêàçàíî, ÷òî ñïåêòðàëüíîå ïîëîæåíèå êîðîòêîâîëíîâîé ãðàíèöû èíôðàêðàñíîãî ãàøåíèÿ ôîòîòîêà ìîæåò
ñëóæèòü èíäèêàòîðîì ïðîòåêàþùèõ ïðîöåññîâ çàïîëíåíèÿ-îïóñòîøåíèÿ ðåêîìáèíàöèîííûõ ëîâóøåê. Óñòàíîâëåíî, ÷òî
äëÿ ýòîé ñïåêòðàëüíîé îáëàñòè õàðàêòåðíà êîíêóðåíöèÿ ôîòîâîçáóæäåíèÿ è ãàøåíèÿ ôîòîòîêà. Èìåííî â ñèëó ýòîãî
äëèíà âîëíû êîðîòêîâîëíîâîãî êðàÿ ÈÊ-ãàøåíèÿ îêàçûâàåòñÿ ÷óâñòâèòåëüíîé ê âíåøíèì âîçäåéñòâèÿì. Ñîçäàíà
ìîäåëü, îáúÿñíÿþùàÿ íàáëþäàåìûå èçìåíåíèÿ.
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Î. Î. Äðàãîºâ, Þ. Ì. Êàðàê³ñ, Ì. ². Êóòàëîâà

ÄÎÑË²ÄÆÅÍÍß ÏÐÎÖÅÑ²Â Â ÎÁËÀÑÒ² ÊÎÐÎÒÊÎÕÂÈËÜÎÂÎÃÎ ÏÎÐÎÃÀ ²ÍÔÐÀ×ÅÐÂÎÍÎÃÎ ÃÀÑ²ÍÍß
ÔÎÒÎÑÒÐÓÌÓ

Ïîêàçàíî, ùî ñïåêòðàëüíå ïîëîæåííÿ êîðîòêîõâèëüîâî¿ ìåæ³ ³íôðà÷åðâîíîãî ãàñ³ííÿ ôîòîñòðóìó ìîæå ñëóãóâàòè
³íäèêàòîðîì ïðîöåñ³â, ùî â³äáóâàþòüñÿ ïðè çàïîâíåíí³-ñïóñòîøåíí³ ðåêîìá³íàö³éíèõ ïàñòîê. Âñòàíîâëåíî, ùî äëÿ ö³º¿
ñïåêòðàëüíî¿ ä³ëÿíêè õàðàêòåðíà êîíêóðåíö³ÿ ôîòîçáóäæåííÿ òà ãàñ³ííÿ ôîòîñòðóìó. Ñàìå çàâäÿêè öüîìó äîâæèíà
õâèë³ êîðîòêîõâèëüîâî¿ ìåæ³ ²×-ãàñ³ííÿ âèÿâëÿºòüñÿ ÷óòòºâîþ äî çîâí³øí³õ âïëèâ³â. Ñòâîðåíà ìîäåëü, ÿêà ïîÿñíþº
çì³íè ùî ñïîñòåð³ãàþòüñÿ.


