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THE STUDY OF HETEROGENEOUS SENSITIZED

CRYSTALS OF CADMIUM SULFIDE.PART

IABOUT CHARGE OF THE CENTERS

RECOMBINATION

The photovoltaic properties of CdS crystals with combined alloying have been investigated. An analytical expression
for the dependence of the coefficient of damping of the intensities of exciting and quenching light has been received. For
the first time the concentration of fast recombination centers has been estimated.

Charge status of S- and R-centers has been
calculated. At the same time an exclusive method
of solving the system of equations was created.

M odulation of illumination-current characteris-
tics with infrared light has been demonstrated.

Sensitization of semiconductors can be ob-
served in that case if in the crystal, which already
has effective centers of recombination, enter the
same effective traps for carriersofone ofthe char-
acters, preferably minor. Then, upon photoexcita-
tion, due to the shortage of appropriate media, the
rate of recombination is significantly reduced and
the photocurrentis increasing.

This effect was first theoretically developed in
the monograph A. Rose, by example, of cadmium
sulfide. W ith accord-

well-chosen parameters,

ing to calculations of the author, the lifetime of
the main carriers could grow up to five orders of
magnitude. The concentration of recombination
and sensitized centers ~ 1015 cm -3was used. They

are named respectively the 1st and 2nd classes.

The magnitude of the capture cross section for

electrons and holes was taken to be equal

S = S:pz SZ)z 10-16sm 2
S2n= 10-21sm 2 (1.1)
The centers of the first class R. Bube called

fast or S-centers (“Speed”), and the centers of the
second class, respectively slow, due to the strong-
ly different capture or R-centers

cross section,

(“Recombination”). In the present work, all three
designations (class 1, fast, S-centers) will be used

as synonyms.
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The simultaneous existence in the sample of

the fast and slow centers in detectable concentra-

tions creates the conditions for effect, reversed to

sensitizing, named infrared (IR) - absorption pho-

tocurrent. Upon excitation of such a crystal with

its own light, and then with the IR illumination,

the photocurrent may be reduced. This is due to

the release of IR photons captured at the centers
of the 2nd class cavities with the corresponding

enhancement of the recombination of majority

carriers. To estimate the damping was introduced

the ratio Q which is equal to the change of the

photocurrent relatively to the original values.
It should be noted thatbecause itis determined

not the current, and its relative (including little)

change, significantly increases the sensitivity of

the method to external influences (light, tempera-
ture, voltage). At the same time decreases the in-

fluence of unavoidable noise. Secondly, due to

the peculiarities of alloying it is possible to cre-

ate a single-chip sensors of differentwavelengths,
whereas for the own conductivity of the semicon-

ductor it is not possible. Finally, while it is eas-

ily possible to create a spatially inhomogeneous

sensitive system, it is not feasible on the basis of
isotropic crystals.

Therefore, we chose the effect of infrared

quenching of photocurrent as a research tool. In
our opinion, this approach has several advantages.

First of all, if the investigated crystals suffi-

ciently saturated with S - and R - centers, the dis-

tance between them is small. In this case, holes,

embossed by IR light from the centers of slow
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recombination, after only a few broadcasts of the

crystal lattice passed, will be taken to S-centers

and immediately affect on the value of the flow -

ing current. Moreover, if the S - and R-centers

are distributed uniformly, the path length will be
more or less standardized. In a typical situation,
these processes are disguised with a scattering,

accidental captures in traps, unauthorized chan-
nels of recombination, etc.
In addition, the

specificity of IR-quenching

allows to independently manipulate both param -
eters current forming their own light, and the in-
tensity and spectral distribution of infrared light,

solely responsible for the release of holes. The
possibilities of infrared quenching allows to se-
lectively use the light in certain wavelengths in-
stead ofthe whole spectrum.

Finally, the effect of IR-quenching allows to
highlight and to explore the mechanism of emis-
sion of carriers from one particular class of cen-
ters, whereas in the usual case we have to deal
with awhole range oftraps, the process ofdevas-
tation which camouflage each other.

These features ofthe infrared blanking make it
a sensitive and flexible method of studying the in-
tricacies of the photoexcitation of the non-native

speakers. In addition, the combined effects of the

crystals allowsthe parametric control of the pro-
cesses.
As a support of the semiconductor research

was selected semiconductor single crystal cadm i-

um sulfide. Its advantages are: firstly, high pho-

tosensitivity (fotoresponseis up to seven orders

of magnitude) and comparative ease of applica-
tion of electrical contacts and a significant coef-

ficient of solubility for most legants. Secondly,

the presence of sensitivized R-centers, which is
typical for arelatively narrow class of substances.
Finally, thirdly, itis awide bandgap semiconduc-
tor (Eg~2,42 eV),

that allowed to carry out re-

search in a wide range of wavelengths from 400
to 1600 nm with well-separated four sections -
surface, own, trapping of absorption and IR spec-
tra. In some cases, such crystals are convenient to
use as a model material.

The high

sensitivity of cadmium sulfide ac-

counts for 520 nm and corresponds well to the

solar spectrum. This allows to use it not only in

the laboratory but also under natural light to cre-
ate sensors for various purposes.

The aim of this work is the study based on the
effect of IR-quenching of photocurrent of the nu-
ances of the processes occurring upon excitation
of charge carriers from the bound in the conduc-
tive state in the crystals of cadmium sulfide with
an unevenly distributed impurities.

1.1. The

dependence of the

quenching from intensities of exciting and

quenching light

The concentration of free carriers norm ally is
expressed in the population ofrecombination cen-
ters of 1stand 2nd classes, which them selves vary
at different levels of the exciting and quenching
light. This considerably com plicates the calcula-
tions, making them less accurate and, in fact, not
acceptable in practice. The expression for the ex-
plicit form of Q(LG;LCD in the literature we could
not find.

W hile illuminating the crystals only with its
own light with intensity Lethe concentration of
free electrons n (e) (when the absorption coeffi-
cient a and light of its own quantum output P) is

given by

n(e) =al Lar. (1.2)
In (1.2) taken into account thatthe recombina-
tion is carried out mainly through the S-centers
and, consequently, the life-time Tn].is determined
by this channel.
At sufficiently high intensities of the exciting

light value Tnl does not depend on its intensity,

since the difference between the concentrations
offree carriers (n-p), is equal to the change in the
filling ofrecombination centers, is much less than
the concentration ofthese centers. So on the chart
of lux-ampere characteristics (LAC)is observed
two sections with different slopes athigh and low
intensities of exciting light (tab at Fig. 1.1).

The change of formation mechanism of the
photocurrent and, accordingly, the slope of a plot
of LAC occurs when the number ofincident pho-
tons becomes comparable with the concentration

of recombination centers. This is due to the ratio
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of the concentration of incident photons and fast

recombination centers. W hen the light intensity

is small, the number of absorbed photons, and
hence the number of exempt carriers is less than
the concentration offastrecombination centers. In
this situation they can effectively contribute to the
recombination of electrons and holes. For a large
light fluxes, the number of photoexcited carriers
is larger than the number of centers where they
could recombine. S-centers can not cope with in-
creasing concentration of free electrons and holes
and the recombination rate is limited only by the
throughput capacity of the centers, regardless of
the total number of carriers. The situation is stabi-
lizing. I1f so, then the inflection point on the LAC
(in our case LOe= 3,2 Ix) can be estimated by order
of magnitude the concentration of S-centers.

The mechanical equivalent oflight A = 0.0016
and a photon energy equal to the width of forbid-
den zone of CdS E = 2,42 eV,we obtain the num -
ber of photons N= LOa/Eg: 0f2.88741017 s-1 m -2 in
the used light flux.

In a typical specimen dimen-

sions 1x1x1,2 mm from this thread on its front
surfacewe have N= 3,46-10n s-1ofphotons. They
absorbed

are all in the crystal volume of 1.2-10-3

sm3. Therefore, the volume concentration of the
recombination centers N is equal to the number of
photons evenly distributed in this volume, will be
Nr: 2@8’\1014sm-3. The obtained value of 371014
sm-3[1,2,3], we consider as the lower limit of the
doping impurity recombination. Because of the
capture cross section for holes at the centers of
the 1st and 2nd classes differs by five orders of
magnitude, then about as many different of rates
ofrecombination on them. Therefore, itcan be ar-
gued that the value almost entirely refers to the
concentration of fast recom bination centers. Note
that this value Rose A. operates without any jus-
tification.

The proposed method is innovative. Up to the
present time for S-centers was determined with
cross-section grips and, with certain reservations,
the zone

the energy of activation. In any case,

charts show these levels closer to the conduction

band. The question of their concentrations re-
mained open.
W hen you turn on infrared light with corre-

sponding energy redistribution of the holes oc-
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curs, and hence the rate of recombination through

the centers of 1I-st and 1l1-d class changes.
Recombination throw the R - centers is getting
even less, and throw the S - centers increases.

Therefore, the formula f = qrﬂ.rem ains valid.
In each act ofrecombination interacts with one
carrier of both signs, so the rate of recombination

of electrons and holes to the same level are equal
q'ﬂ\ =(Qb1.Then you can write

f=dd ,
p +dp

(13)

where (pl (14)

It is considered that under the action of infra-

red light, the concentration of holes at the centers

dP and in-

creased respectively atthe same concentration of

of the second class decreased with
holes in the valence band.

Ifin theunitoftime the quantum ofquenching
light Lerops on the crystal, then in unit of vol-
ume will be absorbed a"LQquantums, where @~
-is the fraction ofthe slow recombination centers
interected with

which was light. Hence the addi-

tive in the concentration of free holes

(b:a1'Lqu0

(15)

where tw is the lifetime offree carriers. Since the
recombination of the holes also is mainly carried

out through the S - centers, use

dp =a'- LHZM

large excitation

(16)

For level with its own light

p=n and the expression (1.3) with (1.4) and (1.5)

takes the form

am :...r_]_____+a [ B (17)
e Il
69 =(a i.-a '-q)'t.in (1.8)

Formula (1.8) describes the dependence of the
concentration of free electrons from the concur-
rent intensities of exciting and quenching light.

Ifthe intensity of infrared lightis notvery big,

then (#) <pl2 .Population density in the holes of



theR -centers does not change very much, and the
value x° does nn. depend t™om tl*e; infrared light.

Exprenston- (T2) and -LSrnhow to iM am ti-e
de~odence ofl~squenching from intensities of

used light fluxes [4]:

f@ 1f(eq_n(e'ﬁ(eq a-Lennt-(a-Le-a'-Lq)nTpe
K L

or after transform ations:

Q ==
a-Lem.

L" a. trE
v nd Lenvd

or(a’;4) = *100%

(i.9)

Formula (1.9) sh~ws the dngendence of the

optigal cju=nchmg from the intenstires eMfexciting

and quenching ligft. )t ehould Se noted that this

relation is valid for small intensities of quenching
light and for high levels of photoexcitation, when
you cannoetakeiato aocountthechangnofoepu-
Mtni<™s qu rechm g(aationeenaers.

The total experimental results of the Sehavior

ohcheeohfficitnt guquenehingC(wi(h (he chemge o.
quantoies oftiic INMNISO uxesareshuwdaeFih. m

hts a rederence Ov- Slrem totake tht cum ),

measFred no tha saim intansitiaa oh its ~wn arnl

quenching lights, as in the case i.ia and case

Lib. Ontise toft o~Ngore 1l.le,is shown how

the value chanrnes - xpo noriation ol sue exdsation

ligho aoa cons-an(aucnehin..A) Fih.m O, on the

contrary, a reference curve was fixed the inten-

sity of the excitation light and was changing of

quanching light.

All graphs ooFig.E |l reooivedin areaFe-state

measured at the same intensities of its own and

long relaxation (up to 20 minutes) to avoid the
groacrsat dateatbeol in [46,7 Rekhatton cFarl
ecteristid of os"stak witi be dkemsed m ~ rtl!

First of all, note that any com Sinations of the
intensities of short-wave maximum (Fig.1.1) was
far Selow than long-wave [3,8]. This is due to
thermal swap for the captured carriers. Due to the
aSsorption of the phonon, one part of the holes
from Sasic R-level moves to an excited R’. And

the population of these levels with holes identi-
fies relevant peaks. For this reason, as can be seen
from figures (1.1a, b), to changes in the intensities
of each light, the more sensitive is the first maxi-

mum (short-wave).

A i aao ne sten ftom Fin. m b, tiie smalter the
intensity of the quenching light, L& = CONSt the
smatietoS the vttoe Q .Moreover, fou amalirr m -
tensis(ei oC the salf-axaitatioa it wci monifetted
Srinhter. Experimenleltywasmtnaged to create a
situation when shortwave maximum disappeared

completely [9,10].

@ 0%

2 4 6 Le,be

Fig. 1.1. The -eotd-nce of tho vaiueo(hoanch-
ing from the intensities of used light. a) Lg= const,
LiihOopO)adl

mental point- cre not plctte0 isordor on to clutter

k)— ~ sosst,L >L >R ;The mxperi-

tic naewinf.

At tiia lamit time, w hhtiie ~™nm mtendty of

queuc”™h light i~e:F Ig-tri a). wtih Ocereatmg

eXeitation Ee tite X¥iUN if toe aoefOcien( of
increases. increase we

quenching M oreover, this

saw more ifused intensities LQWere negligiSle.

Thest eFoarimenSili Sehaoioat Q f3J ul
confirm toe vib-inyofdarmule -1.c).
1.2. Critical modes of lighting crystals with

infrared quenching of photocurrent

Fnrmula (1.9)shows thi nenennened to "'
optimal ouonchtngOrom too mten-lties eO exciting
LEand gquenching light L )t should Se noted that
this relation isvalid forrelatively low intensities of
quenching lightand high levels ofphotoexcitation,
when you can not take into accountthe change of
populations of recom Sination centers.

As a if the effect of the

rule, quenching of

the photocurlent is clearly distinguishaSle, in all

com Sinations of the intensities the short-wavo
maximum quenching (10t0-1100 nm) was far
below that long-wave (13t0-1400 nm). This is
due to thermal swap for the captured carriers.
Due to the aSsorption of phonons, the part of
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holes from the basic R-level, moves to an excited R’
(discussed in part Ill1). And the population of these
levels with holes identifies the relevant peaks. For
this reason, for the changes ofthe intensities ofeach

lightthe more sensitive is the firstmaximum (high).

Among the restrictions imposed in the
derivation of formula (1.9), was that all holes,
embossed by light levels R - R’ remain in the

valence band and enhance the captureon S-centers.
Generally speaking, this is incorrect. The capture
of holes S - and R-centers are

of cross section

equal. However, just photoexited hole spatially is

near R-centre and probably will be again captured
[8]. Similar, probably multiple, oscillations did
not occur at fixed external parameters and lead

to useless absorption of photons of infrared light.
It is obvious that this process can camouflage the

dependence of the intensity of the infrared light.

M ore this effect will be discussed in part II.

Under the critical light levels, as exciting

and quenching light, we will understand these

light beams, when on the spectral distribution of
coefficient of quenching are not only mentioned
in section 1.1 quantitative change, but there is a
quality changes[10].

Aswas noted above thatbecause ofthe growth
ofintensity of self-excitation and reducing of the
flow of infrared radiation the value of quenching
in accordance with the formula (1.9) decreases.
W hen a critical ratio of these intensities, it is
possible when on the curve of spectral distribution
Q(X) completely disappears shortwave maximum,
then the long-wave still is present. Formula (1.9)
for this case is not applicable because violation of
tolerance limits aremade atits conclusion.

The processes in this case can be explained

as follows. The smaller the value |_ the less

)
infrared photons knock out holes from R-centers.

Accordingly, fewer of them <come to the fast
recombination centers and the decline of majority
carriers - electrons becomes less. It is this relative
reduction estim ates (using current) the value of the
coefficient Q The greater the intensity of its own
light and, accordingly, the initial concentration of
free electrons, the less is noticeable their decrease
in recombination. Firstand foremost, from graphic
is disappearing shortwave maximum Q(X), as it

relates to the liberation ofholes from the basic state
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of R-centers, where the concentration of charge is
less because ofthermal pumping to R ’- states.
maximum

The reverse situation (see Fig. 1.2) -

flow of infrared light and extremely high levels

of self-photoexcitation - we observed not previ-
ously described in the literature, the phenomenon
of the disappearance of the long-wave maximum
quenching ofthe photocurrent (1380 - 1400 nm),
whereas shortwave maximum Q(l) in the region
of 1080 - 1100 nm was still remained.

The limit levels of exposure were determined
by the capabilities ofthe experimental unit. In the
area of maximum photosensitivity of the sample
(520 - 530 nm) intensity of monochrom atic light
provided the illumination of order 5 - 6 Ix.

In our case, the determining impactprovide the
mechanisms of formation of maximums Q(X) by
them selves. For the reasons that were described
above, due to the redistribution of the concentra-

tion of trapped holes, the shortwave maximum

of quenching (~ 1100 nm) lower than the wave-
length must to disappear firstin suboptimal ratio
ofthe intensities of clipping.

Abnormal view of curve Q(X) with a miss-
ing long-wavelength 1380

maximum (~ nm),

we explain in the following way. In accordance
with the formula (1.9) the value ofcoefficientQ
does not depend on the intensity LQand on result
LO ’, including the value of the quantum yield.
The authors [3] have noted that for some ratios

of intensities of light fluxes, the magnitude of

the quantum yield for infrared radiation in the
samples with R-centers can quickly decrease. E x-
perimentally were recorded the values of the or-
der P’=0,026720,072 [8]. At such small values the
decrease ofO “can be decisive even at relatively
high values ofLCIin the numerator of (1.9).

To explain the dependence on(X) for this case
we propose the following mechanism. W hen we
are illuminating by lightwith awavelength corre-
sponding to the activation energy of R’ - centers,
the number of seats available to them increases.
In this case the outflow ofthermally excited holes
from R -levels should increase. In turn, this leads
to an increasing of seats available atthose levels.
As a result, the repeated captures of holes to R’
centers are increasing, and the quantum yield for
lower.

infrared radiation is even



N ote that the descriSed effect, oSviously, can

Se carried out for each set temperature only in o
narrow range of ratios Setween the existing con-
centration of R-centers and used its own intensity
of light and infrared radiation. Analysis is easier

to carry out under the condition when only thu
intensity oflight ofits own relatively changes ac-
cording to the other three fixed parameters.

in the V-zone is

)f your exiting is too great,

a large num Ser of free holes. Additional charge,
em Sossed Sy )R-radiation from R -centers, can not
significantly change their concentration, and thus
the flowing current.

Besides, R-centers are heavily populated Sy
holes (proSaSIy,evenpr‘“N;pr,‘“'Nr).ReIatively
small changes caused Sy )R photons are not aSlu
to affect the existing ratio of concentration of thu
on the centers. Moreover, the

charges resulting

empty spaces will be filled with holes from the

valence Sand.

On the contrary, ifthe intensity ofits own light

is not large enough concentration of localized
holes at the centers of class )) will Se lowal. )n
this case, Sefore the activation of the )R light on

the R-centers are a significant number of places

with Slank holes. The appearance of )R excita-
tion can not make any noticeaSle changes in their
num Ser, and hence the Salance of processes of
capture-emptying.

Held arguments correspond to movementalong
the line AB schem atic figure 2. Area 1 atFig. 1.2
is the magnitude of the intensities when the stan-
dard mechanism of A.Roseis. )n such conditions
were starred family of graphs Q(X) Fig.t.t, and
such light fluxes obtained formula (1.9).

Jts output was simplify Sy demanding condi-
tions LqT>é_ f[4], i.e. when a significant number
of photons as their own get on the sample, and
infrared light, and quenching - more. For this rea-
son, in region 2 Fig.1.2 the formula (1.9) are not
applicaSle.

The effect of quenching may not Se imple-
mented here immediately for three reasons:

). First, there is small excitation

when own

(Ler 0) the number of pairs of free nonequilib-

rium camers is less than can recomSine via S-

centers;
)). Second, minor activation of holes from R-

centers (Lg* 0) is almost completely masked by

the processes of dissipation, captures in traps, etc.
These holes practically do not reach S centers;

)))-
that

Finally, the small numSer of extra holes

reach the centers of quick recomSination,

causing a slight decline of majority camers -

electrons - and, therefore, virtually do notimpact

on the change ofthe photocurrent.

-Lq

Fig. 1.2.Field of possible ratio of the intensities of

exciting and quenching light; 1- region of existence

of the effect of IR-quenching of photocurrent; 2 -

the area of intensity when extinction does not occur;

3 - area where you may watch the abnormal effect

of quenching. Unpainted areas are transitional
between these regions.

Forcompleteness,wewillholdtheconsideration
in which area 3 Fig. t.2 can Se accessed along
the line CB. Thatis, when extremely high level of
infrared flow

self-excitation is recorded and the

gradually increases.

of L

in virtue of the third condition for region

For small values guenching does not

occur
2. When averages Lgquenching although appears,
Sut slightly. This <corresponds to the limit
situation ofthe region t Fig t.2. Finally, for largo
intensities, comes into force the mechanism ofthu
anomalous aSsorption, descriSed aSove.

The maximums of quenching dependencu
Q(X) Sehave differently. The short wavelength
peak in the ttOO nm may increase at the expensu
of complete emptying of the ground state of
R -centers. Long-waved infrared (1400 nm region)
cannotappearevenundertheseconditionsSecausu
PhotoexiteC

of the low value of quantum yield.

ones from R ’-states of the hole remain in the areo
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of R-centers at the expense of repeated seizures

and does not contribute to recombination at the

S-centers.

Thus, the peculiarities of interaction of
infrared radiation with the centers of class Il
impose limitations on the applicability of the

expression Q(Le,L), and the relative magnitude

ofthe maxima ofthe extinction.

simple scheme, when a neutral acceptor would

give a hole, and then captured electron with the
subsequentrecombination ofitwith the new spare
hole, would require that at the final stage the hole
was captured on adoubly negatively charged cen-
ter, what is also not observedin the experiment.

N ote that it is possible thatthe ensemble of R-
centers consists of several groups: it may be cop-

per in the cadmium sublattice of CUQjor nega-

2.1. Aboutcharge state ofthe centers of sloWjyely charged center ofthe silver in the cadm ium

and fast recombination

M odel of infrared quenching of photocurrent

Bube-Rose based on the existence in the crystal
the recombination centers ofthe two classes.

R -centers are external impurity in the sample,
most likely copper in the cadmium sublattice. To
getto the crystal this impurity can only in the neu-
tral If this then

charge state. is a trap for holes,

it has two states: neutral and positively charged
after the capture of holes. Italso points to the cap-
ture cross section for holes 10-16 sm 2. Such values
of cross sections are typical up for grabs in aneu-
tral trap.

section for elec-

However, the capture cross

tron - 10-21 sm2is the usual for grabs in a repul-
sive center. At the moment of electron capture,
In this

the center is already charged negatively.

case, it is the acceptor. He gave the hole and is

charged negatively. For holes it is the attractive
center now and should have acorresponding cap-
ture cross section ~10-12sm 2, whatis not observed

experimentally. On the contrary, it is established
that R-centers after the capture of an electron does
not possess a repulsive Coulomb barrier. These
are singly charged acceptors and the electron cap-
ture occurs with a neutral center.

For holes found that with decreasing temper-
ature the possibility of internal transfer of these
carriersdecreasesin the R-centers, what is very
unusual to capture at the charged centre, besides
having a system ofintermediate states.

Thus, there is a contradiction - there are argu-
ments that the R-centers are either in the neutral
and positively charged or neutral and negatively
charged, both could notbe madeat the same time.
W e have to assume thatthese states alternate, with

the presence of at least one intermediate stage. A
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sublattice Agd or even a complex neutral con-

glomerate of charged sulfur vacancies of sulfur

and cadm ium (V2 +\G) .

A's for the S-centers, data on their charge state
do not exist to the presenttime. M ake any reason-
able assumptions based on a simple analysis of
the capture cross section for electrons and holes
is impossible. Itis the equality ofthese cross sec-
tions in a model A. Rose is doing these centers
an effective channel of recombination. But in this
case, if in initial state, these centers were neutral,
then after the hole capture, they become positively
charged. W ith equal probability, after the capture
of an electron, they acquire a negative charge.

A. Rose model
the carrier capture on S-centers. In literature data
is not af-

about the scenario of these processes

fected. O f the characteristics of the field drift of
the centers of quick recombination at a known
applied voltage polarity concluded that they are
positively charged. For a long time the samples
were kept under conditions of the applied field.
Then were measured local probe characteristics
oftactile sensing. Itwas discovered, the enhance-
mentoflR-quenching of photocurrentin the near-
cathode region.

At the same time centers of quick recombina-
tion are attributed to the properties of electronic
traps.

In this case, they can be either neutral or

carry a negative charge. The question remains

open and requires further study.

W e attemptto resolve some ofthese incorrect-
ness [11].

The local

interaction of charge carriers with

centers in a two-level model of recombination

Bube-Rose is described by the equations:

does not consider the order of



Snt\Wtn =S ptvntP (21)

Sn2WP2n = Sp2vn2P

(2.2)
f
n=ft —m
Sat\Pt + Sn2\WP2 (23)
HereS.—arethe collesponding capture <cross-

sections of electrons and holes at the centers of
the first and second classes; p, n - concentrations
of free charge; v - speed ofthermal motion; pt
p2 nt n2— concentrations of electrons and holes
captured in the centers of fast and slow recom -
Sination,f - the intensity of the ptftfexcitatifn;
tn is the lifetime of the main camers.

The first two of these equations represent the
equality of the rate of capture of holes and elec-
trons respectively in S - and R-levels, the thirC
is the condition of non-accumulation of charge.
This assumes that the sample is sufficiently high
resistance, and the intensity of the light, and with
itthe intensity ofthe phftfexcitatifn is sufficient-

ly large. Under these conditions, concentrations,

which are included in the equations (2.1)-(2.3)

are non-equiliSrium carriers, and the lifetime of
the main carriers obeys the expression (2.3).

The number of variables in the formulas (2.1)
- (2.3) can be reduced given the fact that for large
the numSer of freu

photoexcitation intensities,

charge camers is comparaSle or higher than thu
concentration of recom Sination centers. An idlu
trapsare not left. Since the recom Sination center,
Sy its nature, may Se occupied either Sy an elec-

tron or a hole, then is trui

ni :Ni- Pi (2.4)

N :N2-P2 (2.5)
where N1and N2- total concentration of S - and
R -centers, respectively.

To solve the system of equations (2.1) - (2.5)
should Se closed Sy the condition of electroneu-
trality.

Jt’s kind depends on the allowed chargu

states of the centers of the )-st and ))-d classes.
There are four possiSle options:
)f R-centers are charged positively, the equa-

tion of electroneutrality is representaSle for posi-

tively charged S-centers

n=P +Pi +P,’ (2.62)
or for negative S-centers
n +nt=p +p2 (2.7)

Taking into account (2.4) the expression (2.7)

can Se rewritten as

n =P +PIl +P2-N1 (2.6b)
)f R-centers are charged negatively, the cor-
responding electroneutrality conditions will havu
the form for positively charged S-centers
n +n2=p +r1 (2.8)
for negatively charged S-centers
n +n2+nl=p. (2.9)

Taking into account (2.4) the expression (2.8)

Secomes

n =P +P, +P7-N2 (2.6¢)
And taking into account (2.5) and (2.6) the ex-
pression (2.9) takes the form

n=P +pl+P2-N1-N2

(2.6d)
For convenience, the condition of electroneu-
trality for all possiSle cases collected in taSle 2.t.

W ithout going into details of the processes,
we have carried out calculations for all four sys-
tems ofequations (2.6a,b,c,d) so (2.1) - (2.3) with
(2.4), (2.5).

Unknown are N, P, ptand p2. Since the system
of four linear equations are with four unknowns,
all ofthem have solutions, and these solutions aru

single-valued and unique.
The case of negatively charged R-centers

)t was found that for negatively charged R-

centers the studied system of equations has no

positive solutions when you use the equation of
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electroneutrality in the form of (2.6b) and (2.6d).

For example, when negatively charged levels

of the second class and the positively charged

centers of the first class, in terms of

f =105sm-3-1;N1+=N2= 1015sm-3

the system of equations (2.1)-(2.3),(12.6d) has
the solution [12]:
n= - 1,005 x1015 sm-3; p=4,988 x107 sm -3;

jOoi= - 4,963 x107sm 3;p2= - 4,987x1012snr3.The
error function (see below) in this case was F -
0,00000"'S7.

l.e. negatdve concentrationm appear. This
means that under the current modelf ittie inenters
of slow recombination ofnegative charge can not
bear. This conclusion is in good agreem entw ith
tht value of thee cuttoujli-e cross sfiqtio ki for “foltes on
these centerc. 5lle question of how the value of
capture cross sections for electrons form for them
remains open.

Table 2.1
Four variations of the charge States of R - and

S-centers

Local levels R-cesteri
charge + —
V=CHiCe v=pH-2N
S-cesteri + (269) (28 "™ (260
V= A2 = eiCaN-
7)™ (26b) (29 "~ (26d)

Case of positively charged R-cvnters

tor positively charged R-centers and positive-
ly charged S-centers, the working system ofequa-

tions after transform ation has the form:

f-i =- (Ni--) (2.10)
fl 2=A- (n2--2 (2.11)
d =An-t+n- (2.12)
f=-c¢c-ic-2 . (2.13)
S
where A= pz = 105; B= .In all cases the
Snl VSV?

value Vwas equal 107sm/s.
Parameters in the system ofequations (2.10) -
(2.13) are Ni,NZandf Each ofthese variables can

take values from a wide range of numbers from
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1012 to 1018 Therefore, we used the following
tactics: concentration of S-centers fixed at the
level of 1015sm -3, regarding it as the argument

value N Zhas changed from 1014to 1016 sm-3. Tht

system of equations was solved several times for

different levels of photoexcitation f=10 14; 10 15;
1018 sm -3s-1 (i.e. less, equal to, and a lot more
than fixed concentration of fast recombination

centers). The asymmetry ofthe spread of selected
values off with respect to Niis due to the fact
thatthe original system ofequations (2.1)-(2.3) is
written for large levels of photoexcitation.

From equation (2.12)

- oA (2.14)
2 Vv
From equation (2.10)
V-1
(2.15)
N - -1
Dividing (2.10) by (2.11) we get
Ao v (2.16)
2 A (N h)
ere
AN 2-1
p2= (2.17)
N1+ o-1(A-1)
Joint solution of (2.8) and (2.5) gives
. . ) B . dN
piA(A-i) c -i[A(N2+N) - A-1)]-—1 O
i i 2 i v v
The solution of this quadratic equation has the
form
2 B 1
-D+[p2+4a(a - 1)(—)N ]2
A = (2.18)
in which
B -
D=[AN_+N)- (A-D].
2 i v
The “-*“ sign before the root in (2.18) s

discarded because itleads to p <0.



Equation (2.14),(2.15),(2.18) after substitution

in (2.13) provide an equation with one unknown

variaSle - n(N):

npt B

n A-1) +
Nt-Ptml( ) n

for the

(2.19)

in which, sake of saving accounts thu
value ofpthave not Seen painted, in accordancu
with the formula (2.18).

Jt is oSvious that the resulting expressions aru
too cum Sersome for analysis. Since after suSsti-

tuting forp(n) structure of the expression (2.19)

has the form fJ(n+—) = f2(n + —)\?/Ofinally, one
should expect the equations of at least fourth de-
gree relative to n. Moreover, the coefficients in
this equation may vary up to t5 orders of magni-
tude. That is the complexity of solving the given
system of equations is proSaSly the reason why
such analysis was not previously done.

Us solve the

an algeSraic way to system of

equations (2.10) - (2.13) were discarded, and in-
stead applied such an artificial technique.

The value of Nis set arSitrarily. )n accordancu
with the equation (2.18) is determined by the val-
ue lenowing it and n, the formulas (2.14) and
(2.15) are determined by the numerical value of
p2and p. Then all four num Sers are suSstituted in
the original

system of equations, and determines

the error function [see (2.10) - (2.13)]

P(Nt- Pt) + AP(N 2= Pi) + AnPt+nP2 + P+Pt+P2g_,

F ==
npt np2 B n
(2.20)
Remains, fingering n, to minimize the erro!
function. Four introduced into the formula (2.20)

to the exact solution correspond to a value of F

w hich is equal to zero.

The peculiarity of function (2.20) is thatituses
not the traditional difference of the left and right

parts of the corresponding equations, and thu

quotient of their division. This is due to the fact

that in the first three equations of system (2.10)

- (2.13) are the products of the concentrations.

)n this case, the difference of the left and right

side of equation (2.13) will be much smaller (up

to 15 orders of magnitude)than the remaining

contriSutions to the error function, Seing at thu

level of machine zero. Namely, in this equation
the characteristics of the charge state of the local
centers are inherent. )n addition, this approach

eliminates the need to do the sign of the u-ioi

in each of the equations. The advantage of thu
proposed method is in the simultaneous receiptof

all the unknown quantities.

Fig. 2.1. The change of the lifetime of electrons when

the concentration of R-centers for levels of photoex-

citation: 1- 104, 2- 105and 3- 107sm-3-LA- the

calculation was performed for positive, B - for nega-
tively charged centers of first grade.

The value of tactile sensing, we evaluated ac-
cording to the change of the lifetime of the main
carriers, the value of which had counted the fill

level hole centers of the )-st and ))-d classes:
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1
t = (2.21)
SnIPIV + Sn2P2V
The results of the calculations [12,13] are
shown in Fig.2.1A . It is seen that if the centers
of both classes are positively charged, respon-

sivity starts at the concentration of R-centers by

about two orders of magnitude below than the

concentration of S-centers. Regardless of the

level of photoexcitation the value of the lifetime

increases by abouttwo orders of magnitude in the
case when the concentration of R-centers also in-
creases by two orders of magnitude higher than
the concentration of S-centers.

The dotted line in Fig. 2.1 shows the concen-

tration of S-centers. As a result of the problem

solution at our disposal is just as the concentra-

tion -N, and the concentration of holes in centers
of quick recombination - p, it is possible to de-

termine directly the proportion of centers that

captured positive charge. Depending on the light-

ing conditionsf and the concentration of centers

P1

N ,, value is amounted to 1-3 % . And even

2

such S-centers in accordance with Fig. 1.1 can

provide an increase in Tnonly several orders of
magnitude. This is aweak and ineffective channel

of tactile sensing. Nevertheless, it exists and is

able to make some adjustments to the painting

processes. Especially on the lower border of the

governing parameters - at low levels of photo-

excitation and low concentrations of the centers

ofthe Il-d-class - when the mechanism of tactile

sensitizing of A. Rose (see Fig.2.1) are not yet

included.
For the case of “positively charged R-centers
- negatively S-centers” the

charged defining

system of equations in accordance with (2.10) -

(2.12), (2.6d) has the form

npj =p (NJ-p) (2.22)
nP2=AP (N2- Pj (2.23)

B =Anp}+np2 (2.24)
n=p +px+p2_Nj (2.25)
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From equations (2.10) - (2.13) they formally

differ only in the last term in the fourth equation.

However, the result is thus radically different.
N ote the additional difficulty posed by the fact
that the area N2~ N}the decision was stochas-

tic - by changing the concentration in the second

decimal place the value of lifetime was changed

to five orders of magnitude (see Fig.2.1b). It had

to take into accountwhen choosing the step with

w hich the calculations were increased and the

concentration of centers of the second class.
The method of calculation was used the same

as that which is described above. The results are

shown at Fig. 2.1b. As experimentally quite well

established, that in the sensitized cadmium sul-

fide lifetime of majority carriers changes by 4 - 5
orders of magnitude, from the comparison of fig-

ures 2.1a and 2.1b it follows that such a change

can only be the case if the levels of the 1st class

are negatively charged - are nonequilibrium elec-

trons which are captured by neutral centers. The

equation of electroneutrality is given by (2.6b).

N ote that a significant sensitizing should be

expected only for relatively small levels of ex-

posure. W ith the increasing intensity of the pho-

toexcitation of the upper part of the graph when
N2 » Nj is downward sloping, whereas the lower
part under the N2 « Np moves towards it. As a

result, the jump in the value of the lifetime after

tactile sensitizing is alot less. The effect of tactile

sensitizing is concealed. This receives a natural

explanation if we consider that at high rates of

photoexcitation the carrier concentration is high.

Introduction of the sensitized impurities of the

same concentration is not able to increase it sig-

nificantly.
it was found that the

In addition, system of

equations (2.1) - (2.3) - plusone ofthe conditions
ofelectroneutrality (see table 2.1) are very sensi-
tive to the last term

in (2.6a) - (2.6d). Value when

the system has physically meaningful solutions,
i.,e. when the principal features of the quenching
appear, is aboutthe order of 1015sm -3. This can be
avalue of concentration N:in the formula (2.6b)
or N2in the formula (2.6b), or their sum N}+N2

in the formula (2.6d) (see table 2.1). Note that the



order of magnitude was applied Sy A. Rose with-
out comment. Because the description of tactilu

sensitizing was performed polyfermenticus and
the condition of electroneutrality does not apply,
there is a proSlem with the fetishization of that
numSer. As a result of our consideration, was re-
vealed the special properties of concentrations of
centers of fast and slow recom Sination.

In the field of used values of the intensities of
photoexcitation at a concentration of recom Sina-
tion centers is less than t0Oe5sm -3tactile sensitizing
does not occur at all. W hen this limit is reached
(first column, firstrow ofthe table 2.1) sensitizing
is possible, but happens only slightly (Fig.2.1a),
and the numSer of centers which are aSle to par-
ticipate in this process plays the decisive role. At
concentrations that significantly exceed the limit
of W 5sm-3for negative R-centers, the solution of
the system ofequations is formally generally falls
into negative area, which has no physical mean-

ing (second column of the table 2.1). In a nar-
row region on the Sorder of these concentrations
life-

proSaSly an avalanche-like increase of the

time (Fig.2.1b). But only for positively charged
R -centers and negatively charged S-centers (sec-
ond line, first column ofthe table 2.1).

The oStained results remove the existing con-
tradictions. Properties of the S-centers are such
that, while they are in the neutral state, they aru
aSle to capture an electron and a hole with thu
same capture cross section ofi0O leSsm 2. As aresult,
the crystal are negatively and positively charged

centers of the first class. However, since the ma-

terial used is n-type, the mere predominance of
electrons provides a more frequent seizures, and
sensitizing occurs mainly according to the sce-

nario in Fig.2.tS. The percentage ratio Setween

the positively and negatively charged S-centers
obtained for the first time. Perhaps this indicates
that, analogous to a second class, the fast recom -
Sination centers also consist of several types.

2.2. Modulation of LAC typewith infrared light

View offigures 2.1a and 2.1b allows to predict
lux-ampere dependence for Soth channels, tactilu
sensitizing. For fixed values of concentrations of

centers of Nland N2in the case when the process

involves positively charged S - centers (Fig.2.1a),

the increase ofintensity of photoexcitation causes
approximately the same decrease in the lifetime.
This should facilitate the formation of a more or
less linear LAC.

Similarly, for negatively charged S - centers

(Fig.2.1b), after tactile sensitizing (right of dotted

line), with increasing levels of photoexcitation,

the lifetime was decreased. The product of thesu

quantities N =frnremains approximately thu

same order of magnitude. )n these circumstances
we should expectlux-ampere dependence is closu
to linear, we indeed found experimentally [4].

)n the Sottom of the graph Fig.2.tS, in region
N2«Nlwhen sensitizing has notyet occurred, thu
lifetime increases with the intensity of photoexci-
tation. This should

result converges lux-ampere

characteristic. Change the formation mechanism

of the LAC is further evidence of the prevalencu

in the crystars centers, which have captured neg-
ative charge in compare with positively charged.

Such change of LAC is difficult to observe in

dependence on the concentration of R-centers ex-

perimentally, Secause you will need very similar

samples with different levels of doping or singlu
crystal with sequentially adding in an admixture.

Both ways are difficult to implement. In the first

case, prevents the natural spread of parameters of

crystals even grown in the same Satch. And thu

second additive doping inevitaSly changes thu

previous distriSution, we introduce impurities

and properties are already made Sy other impuri-
ties (in our case at least, the S-centers). Crystal
Secomes inadequate.

However, itis possiSle to do otherwise [t2,t3].
)f the such that thu

intensity of infrared light is

numSer of incident photons is comparaSle and

slightly lower concentration of R-centers, thu
light Secomes modulating. The quantum of infra-
red radiation, aSsorSed on the centers of slow re-
com Sination, is inhiSit for the population of their
A's concentration of

holes. a result of effective

R-centers, which are really involved in the pro-
cess oftactile sensitizing Secomes less. The sharu
of such centers for the same crystal is the smaller,
the greater the intensity of )R light, which impact-

ed the crystal.
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Figure 2.2 shows a family of lux-ampere char-
acteristics when excited by their own light (k=520
nm) ofthe crystal CdS with obviously present the
effect of IR-quenching of photocurrent. As the
parameter, was changed the intensity of the infra-
red light. Since the processes of tactile sensitizing
can be superimposed on the influence of excited
states of R-centers, applied a multiplier range of
wavelengths from 900 to 1400 nm. High lightwas
monochrom atic.

As can be seen from the figure 2.2, the effect
ofinfrared light reduces the absolute value of the
photocurrent (infrared quenching), but increases
the degree of nonlinearity of the graph. For ease
of comparison, the inset presents the dependence
ofthe following values for the two extreme cases
-off IR illumination (curve “a” corresponds to the
curve 1 Fig.2.2) and the largest intensity of the
additional infrared light (curve b corresponds to

curve 3 in Fig.2.2).

I, MA
. reL units

02 04 0.6

Fig. 2.2. The change of the photocurrent in the
combined excitation with IR light:
1-0;2-3,010-3;3-1,4102Ix.

As originally effectofmodulation oftype LAC
with infrared light requires the condition N2>>Npit
can not be carried out for all crystals. However, if
the phenomenon ofthe change ofthe lux-ampere
characteristics from linear to converges which is
notmarked by A. Rose, after all is observed, it can
serve as a good criterion of held tactile sensitiz-
ing ofthe sample, bypassing the estimation of the

lifetime of carriers.
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N. S. Simanovych, Ye. V Brytavskyi, M. I. Kutalova, V A. Borshchak, Y. N. Karakis

THE STUDY OF HETEROGENEOUS SENSITIZED
CRYSTALS OF CADMIUM SULFIDE. PART I.ABOUT CHARGE OF THE
CENTERS RECOMBINATION

Summary
The photovoltaic properties of CdS crystals with com Sined alloying have Seen investigated. An
analytical expression for the dependence of the coefficient of damping of the intensities of exciting
and quenching light has been received. For the first time the concentration of fast recombination cen-
ters has Seen estimated.
The charge state of S - and R- centersis expected. The exclusive method of decision of the system
ofequalizations is thus created. M odulation of LAC is shown Sy )R light.

Key words: oefficient of damping, CdS, )R light.
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AOCTI"EHHTfI HEOAHOPI"HO 3MYBCTIMEHHHX KPHCTAIIB
CYTb~»1"Y KA"MM . HACTHHA I.NPO 3APB"OBHH CTAH IIEHTIMB
PEKOMBIHATTIT

Pe3M Me

~ocnig”™em N"OToeneKTpunrn BnacTuBocri KpucTaniB CdS 3 KOM6iHOBaHuM neryBaHHaM.

OTpuMaHO aHaniTHHHHH Bupa3 gna 3ane*Hocri Koe”niffeHTa raciHHa ot iIHTeHcuBHocTeu 36yg*yro-

i raca”“ero cBiTna. Bnepme offHeHa KOH~HTpaffa *rnpiB mBugKoi peKOM 6m affi.
N"OMYyYy cTBopeHO eKcKnro3uBHuu MeTog Bupi-

~ero
Po3paxoBaH 3apagoBHH cTaH S- i R"em piB. npu
meHHa cucTeMu piBHaHb. npogeM OHcTpoBaHa Mogynaffa ffA X iH"panepBOHHM cBiTnoM.

K~ "mhoblc.iOBa: Koe”iffeHT raciHHa, cynb”~ig KagMiro, iH"panepBOHe cBiTno.
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H. C. CuManoeun, E. ff. EpumaecKUU, M. H. Kymaxoea, B. A. Eop*aK, W. H. KapaKUc

HCCIE"OBAHHE HEO"HOPO”HO OMYBCTBIEMMUX

KPHCTAIIOB CYTb"HAA KAAMHH.HACTDb I. O 3BAPH~"OBOM COCTOHHHH

"HTPOB PEKOMBHHATIHH

Pe3M Me
HccnegoBaHw $0TO3neK TpunecKue cBoucTBa KpucTannoB CdS ¢ KOM6uHupoBaHHbiM nerupoBa-
HueM. nonyneH O aHanuTunecKoe Bbipa”eHue gna 3aBucuMocTu KO”$$u~ueHTa rameHua ot hhtch-

cuBHocTeu BO36y*garo”ero u raca“ero cBeTa. BnepBwe o"HeHa KOH”eHTpa®ua ~rnpoB GwcTpofi

peKOM6HHa"HH.
PaccnuTaHO 3apagoBoe cocToaHue S- u R-~HTpoB. npu ~TOM co3gaH ~KCKnro3UBHbIH MeTog pe-

meHua cucTeMbiypaBHeHuu. npogeM OHcTpupoBaHa Mogyna”~ua ffA X uH”paKpacHbiM cBeTOM.

K~"roHeBwe c*"OBa: KO $$u~ueHT rameHua, cynb”rug KagMua, uH”paKpacHbiu cBex
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