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FEATURES OF ŠHepln-OPTICAL TRANSITIONS  

FROM THE RECOMBINATIONAL CENTERS EXCITED STATES

The model of thermo-optical transitions created is confirmed experimentally. The pro-
cess of hole release from ground state trough excited one to valence band includes first-
ly the transition at phonon absorption ER → ER′ with energy 0,2 eV and then excitation to 
the free state ER′ → Ev at the expense of photon energy hν = 0,9 eV.

The research in effect of photocurrent infrared quenching to determine the priority of 
optical-thermal transitions at hole release from R-centers was carried out. 

ergy from 0,2 up to 0.9 eV could release them 
too. In this case the hot vacancies simply ap-
peared in valence band, but longwave sensitiv-
ity within the range 1400—1600 μm did not 
decrease (Fig. 1, a — “a”).

II. The minimum between two maxima in 
Fig. 1, a — “b” could not be observed. The light 
quanta within the range from λ1 = 1000 μm up 
to λ2 = 1400 μm (from 1,1 up to 0,9 eV) can 
release the carriers from R′-states.

III. In maximum point at 1400 μm 
(Fig. 1, a, — “с”) the value Q should be low-
er than in shortwave range (1000 μm). It should 
occur because R- and R′-centers have the equal 
capture cross-sections for holes, but R′-level is 
influenced by thermal withdrawal of carriers. 
As the result the steady-state population of R′ 
should be lower than for the basic state R. At 
the moment of illumination by energy 0,9 eV 
the pattern becomes indistinct because the ad-
ditional non-equilibrium charge has appeared 
as the result of vacancies transition from R- to 
R′-centers. But resonance light excitation of 
holes does not occur both to the right and to 

The optical quenching of photocurrent [1] is 
the direct consequence in recharge of slow re-
combination centers as the result of additional 
impurity excitation. The ground of this phenom-
enon is that photocurrent excited by light from 
self-absorption area can be decreased (quenched) 
by light of definite spectral content. This pro-
cess can be carried out in the crystals that have 
S- and R-centers. In the most cases the men-
tioned effect is accompanied by two maxima 
in the plot for spectral distribution of quench-
ing ratio Q(λ) (Fig. 1, a). And so R. Bube [2] 
offered to observe the excited state of R- levels 
which corresponding zone band presented by 
Fig. 1, b.

Two-leveled model of R. Bube explains the 
phenomenon of semiconductor sensitization at 
presence of slow recombination centers. At the 
same time the model created is semi-phenom-
enological. The points mentioned below can be 
considered as its shortcomings:

I. If localized holes from R′-levels transit 
thermally with activation energy 0,2 eV to the 
free state (Fig. 1, b), the light quanta with en-
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Figure 1. Spectral distribution of quenching ratio (a) and band model of R. Bube (b) observed experimentally
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the left of point “c” in Fig. 1, a (λмах + dλ and 
λмах – dλ). If the curve Q(λ) is smooth, and 
only such curves were observed experimentally, 
Q(λ2) in this case would be lower than Q(λ1).

So the interpretation of Bube model required 
the additional research. In papers [3,4] the au-
thors showed that intensity of IR-light could not 
be too much. The number of absorbed IR-pho-
tons should correspond approximately to con-
centration of R-centers in order to observe the 
quenching effect. Since capture cross-sections 
Spr = Spr′, IR-photons divide approximately in 
two between R- and R′-centers. Two photons 
are required for transit passage of holes firstly 
from R to R′-level and then to valence band. 
So the longwave maximum would be provided 
by the smaller number of released holes than 
the shortwave one. And investigation of such 
processes requires the greater period of time.

IV.  If the model in Fig. 1, b was realized, 
the additional quenching maximum with energy 
0.2 eV (λ ~ 7500 nm) might exist in the remote 
IR-region when thermal transitions are changed 
by the optical ones. At the same time, if the 
maximum is shadowed by phonon activity, its 
intensity should be raised with increase of crys-
tal illumination by intrinsic light when popula-
tion of R′-levels increases. But such maximum 
of quenching has not been already observed [5]. 
We observed that the height of quenching max-
ima in the nearest IR-region (1000 и 1400 μm) 
decreases with increase of intrinsic excitation.

V. The symmetry of quenching maxima at 
λ1 and λ2 was observed (Fig. 1, a). Two wide 
bands were determined experimentally, both 
were slightly smeared to the left of maxima 
directed to the higher energies. This result ex-
plains that hole release from R and R′ levels is 
carried out directly to the band. At photon en-
ergies exceeded activation energy of a trap the 
vacancies have the possibility to transit to the 
deeper levels in valence band. Meanwhile, the 
longwave maximum at 0,9 eV (λ = 1400 μm) 
should be weaker than the shortwave one and 
strongly symmetrical because the transitions 
R → R′ bears the resonance view.

VI.  Proceeding from the same suppositions, 
the straight line should be observed after the 
second maximum at Fig. 1, a. Photons with 
energy being lower than 0,9 eV can not shift 
holes from the basic state to the excited one.

VII. If the model from Fig. 1, b operates, 
the distance between the basic and the excit-
ed states of sensitization centers ER – ER′ = 
= hν(λ2) = 0,9 eV. That means that at room 
temperature when spectrum Q(λ) was regis-
tered (Fig. 1, a) this distance is greater by 36 
folds than phonon energy kT = 0,025 eV. If one 
takes into consideration that namely this tem-
perature causes the splitting of R′-centers excit-
ed state out of the basic one, such divergence 
is seemed unlike.

VIII. In accordance with the model, at illu-
mination by light of wavelength λ2 the intra-
center transitions R → R′ take place (Fig. 1, b) 
and occupation of R′ levels should increase but 
for the basic levels R — decreases. Experimen-
tally we observe the smooth dependencies on 
intensity of longwave light. This shows that the 
processes occur in the common way without 
changes of mechanism along the whole range 
and large illuminations pR′ › pR. Owing to large 
concentration of holes at R′, they should be lo-
cated under Fermi quasi-level, i. e. value F*

p lies 
within the range between ER′ and Ev. But since 
occupation pR at large intensities is low these 
levels are over Fermi quasi-level, i. e. the value 
F*

p is lower than ER. These processes can not 
occur simultaneously because ER › ER′.

IX. The excited state of hole interacts with 
the basic one at any temperature [6]. In the 
model the states R′ exchange holes with va-
lence band solely at 300 K. And owing to its 
depth the basic level can only capture the car-
riers from there. The interaction between lev-
els is not supposed.

The basis to create the band model in 
Fig. 1, b was taken the shape of spectral char-
acteristics Q(λ) in Fig. 1, a. But the presence 
of two quenching maxima with the same acti-
vation energies can be explained differently as 
it was shown in Fig. 2, b. The following ex-

Figure 2. Photocurrent relaxation at additional illumination from quenching maxima (a) and the alternative band 
scheme (b)
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perimental data support the abovementioned  
situation.

1. RELAXATION CURVES

The sample was excited by intrinsic light 
and then additionally by infrared illumination 
from quenching bands either λ1 or λ2 (Fig. 1, 
a) to research photocurrent relaxation (Fig. 2, 
a). The intensities of intrinsic and quenching 
light were chosen as recommended in [3, 7, 8]. 
The curves of both plots began from one and 
the same point corresponded to the value of 
intrinsic current. The ordinary mechanism of 
quenching was carried out with the additional 
influence of IR-light.

A) The steady-state value IF is defined by 
level population. The smaller change in photo-
current was observed that fully corresponded 
to Fig. 1, a for lower value Q at illumination 
light of λ1 wavelength.

B) The slope of plot at t = 0 for the same 
curve is smaller because it was defined by num-
ber of dislodged carriers proportional to concen-
tration of holes in R-levels.

C) Fig. 2, a shows that a period to adjust 
steady-state photocurrent differs approximately 
by three times that is caused by interaction of 
levels at both quenching procedures. The light 
of wavelength λ1 knock out holes from the ba-
sic state R and the excited state R′ plays as 
damper — the part of its holes drops to R cen-
ters and delays relaxation. When levels R′ are 
activated by light of λ2 wavelength, this role 
transmitted to R centers. And relaxation finish-
es considerably quicker because the number of 
holes there is lower. Hence, three particularities 
of relaxation curves point out the lower occupa-
tion in basic state of R-centers (point III).

2. MIGRATION-RELAXATION 
CHANGES.  
LARGE  INTERELECTRODE 
DISTANCE

Filamentary CdS crystals with interelec-
trode distance 2—3 mm were chosen to re-
search coordinative redistribution of impurity. 
The investigation in effect of photocurrent IR-
quenching confirmed the existence of R- and 
S-centers which concentrations being approxi-
mately equal and.

Photosensitivity was not observed complete-
ly when samples exposed by intrinsic light 
and located in darkness for a long time (2—3 
months). Then photosensitivity restored dur-
ing several days besides crystals were exposed 
by monochromatic light with wavelength 515 
nm [9]. The process took place and was inde-
pendent on number and duration of exposures 
and remained identical even at one illumina-
tion of 10 sec per day. The rate of photosen-
sitivity restoration was observed maximal at 
the beginning and then its raise decreased. Af-

ter approximately 100 hours photocurrent be-
came stable and did not respond to 24-hour  
exposures.

The intensity of photocurrent longtime re-
laxation was managed to activate at higher 
temperatures (approximately up to 40—50 °C 
to avoid photocurrent temperature quenching). 
The restoration of sensitivity was considerably 
broken by infrared light with λ = 1400 nm,  
0,9 eV.

The durations of the observed phenomena 
excluded any electron processes. And ion-mi-
gration model were taken to explain the sit-
uation.

It was shown the presence of consider-
able cut-off barriers. After preliminary expo-
sure R- centers trapped the positive charge [10] 
are drawn by near-contact field (~ 105 V/cm) 
into space-charge region and accumulate there. 
These traps with depth ~ 1 eV can keep holes 
for a long time and thus migrate even in dark-
ness. As positive charge accumulates in barri-
er region the height of barrier decreases and 
the situation becomes more stable. If R-centers 
continue to locate in steady-state-conditions, 
they slowly recombine and transit to the neu-
tral state but remain in space-charge region as  
before.

At the following illumination by intrinsic 
light and under external voltage applied the 
charged R-centers at the expense of diffusion 
and drift migrate to the central part of crystal 
and sensitize it. The higher temperatures in-
crease their mobility without changes in charge 
state because thermal transitions are intra-cen-
tre (Fig. 2, b). According to this model IR-light 
(λ2) knock out holes from the most occupied 
R-levels. Then both diffusion and drift are de-
layed.

If the other model would exist (Fig. 1, b), 
IR-light caused intra-center transitions and tem-
perature devastated the excited states. The 
depth of R′ levels 0,2 eV can not provide 
the longterm keeping of charge in darkness 
and accumulation of traps in space-charge re- 
gion.

3. MIGRATION-RELAXATION 
CHANGES

Small in terelectrode distance. Since near-
contact barriers play the significant role in 
longtime relaxation of photocurrent it was in-
teresting to make this influence enhanced. The 
contacts on the same samples shifted up 0,1—
0,2 mm. In this case the interelectrode distance 
is comparable to width of space-charge region. 
Thus, contact barriers and processes occurred 
control current. In crystals with small inter-
contact distance after stay in equilibrium con-
ditions we observed the unusual form of pho-
tocurrent relaxation.

Photocurrent at low level of intrinsic illumi-
nation (1—3 lx) reached the steady-state dur-
ing several seconds. For higher illuminations 
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(10—15 lx) photocurrent firstly raised during 
3—4 min (1 stage), then during 15 min its 
value decreased approximately 30 % (2 stage) 
and then reverted to the same value and sta-
bilized during 45—50 minutes.

These processes can be explained as follows. 
At the first stage the raise IF is defined by usu-
al relaxation increase of electron concentration. 
R-levels collected in barrier area captured the 
charge resulting in lowering of Schottky barrier 
that could not keep them. Space-charge region 
widens at the second stage as R-centers migrate 
from here [11]. Its resistance raises and current 
drops. At the third stage current increases be-
cause of two reasons: widening of contact leads 
to reduction in central part of crystal. Simulta-
neously it is sensitizing by extracted R-centers. 
This process is longterm because the time to 
distribute impurity along the crystal is required. 
As result, current stabilized at the same level 
as before will formation because the number of 
centers leaving space-charge region corresponds 
to the number of centers causes the changes 
in the central part of the crystal.

Obviously at weak illumination the men-
tioned processes are not observed — the num-
ber of R + is considerably small and their dop-
ing is seemed to be negligible.

In order to research this model we decreased 
concentration of charged impurity by IR-radia-
tion with energy 0,9 eV. And all the particu-
larities of relaxation disappeared. Photocurrent 
curve without minimum point came to satura-
tion during longer periods that in several times 
prevailed the period when maximum IF was 
reached. The absolute value of photocurrent IF 
is observed by an order of magnitude lower.

This confirmed the structure of band diagram 
2, b but do not agree with model in Fig. 1, b.

4. ILLUMINATION-CURRENT 
DEPENDENCIES

A) The dependence of quenching ratio Q on 
intensity of exciting and quenching light based 
on model of Fig. 2, b was obtained in [3] and 
the formula has been confirmed experimental-
ly. When the value for absorbed photons of in-
trinsic light raises Q drops, but with raise in 
intensity of longwave light quenching increas-
es and this is not agree with model 1, b. Two-
stage transition should minimize the influence 
of this light on quenching ratio.

B) The analysis in rate for quenching maxi-
ma increase was carried out. With raise in num-
ber of infrared photons the value of minimum 
between maxima decreases. This can be ex-
plained (see Fig. 2, b) as follows: photons with 
energy between maxima from 0,9 up to 1,1 eV 
can effectively absorbed by both levels.

C) The conditions when the first maximum 
of Figure 1a was practically absent were cre-
ated in the narrow region of relationship be-
tween applied field, temperature and intensi-
ty of longwave light with λ1 ~ 1000 nm [8]. 

This was explained by the repeated capturing 
of traps. Directly after activation the hole lo-
cates in the vicinity of mother center and has 
the energy benefits to come back. This is con-
firmed by the value of quantum yield for IR-
light within the range 0,03—0,07 determined 
in [7] to be anomalously low.

These processes combine very well with the 
alternative model 2, b. And the probability to 
capture holes to these levels being proportion-
al to the number of free places is consider-
ably lower.

D) In paper [12] it was shown that illumina-
tion-current characteristics IF(L) observed linear 
when crystal was influenced only by intrinsic 
light. They became superlinear under additional 
infrared illumination but at lower absolute val-
ues of current. This process was observed both 
for wavelengths λ1 and λ2.

This corresponds completely to band diagram 
of Fig. 2, b. The transitions either from R- and 
R′-levels are equivalent here.

5. REVERSAL PLOTS

The performance of Q(λ) parameter at re-
versal mode of excitation was investigated in 
[13] The plots measured with different rate of 
wavelength change to increase and then to de-
crease were compared. The difference consisted 
in the sequence of center excitation.

Model 1, b does not suppose the interaction 
between levels (see item IX). So the shape of 
maxima Q(λ) should not changes at any pro-
cedure of measurements independently on rate 
of wavelength raise or decrease. Infrared light 
simply indicates the stage of R and R′ level 
occupation with holes.

If the levels thermally interacts as shown 
by the alternative model the pattern changes. 
In this case the influence on one level chang-
es the dependence on the on the other. If the 
measurements are carried out beginning from 
the longer waves to the shorter ones, R′ cen-
ters exited firstly. The holes increase their transi-
tions from the basic states to the released plac-
es. So maximum Q(λ1) will be smaller when 
wavelength decreases up to λ1 because of small-
er occupation of R-centers. The time is required 
for thermal transitions R → R′. So the value of 
decrease will be dependent on rate for chang-

es in wavelength 
d

dt

λ
. The higher it will be the 

smaller changes take place. So, in this case 
maximum Q(λ2) is observed without changes, 
but mаximum Q(λ1) decreases depending on 

applied d

dt

λ  value.

If the spectrum is measured to the direction 
of wavelength increase, the maximum Q(λ1) ob-
served stable. But namely light influence at mea-
surements decreases thermal flow of holes to R′ 
centers. When light energy will drop up to ER′, 
the number of hole transitions from spectrum 
to free state decreases. In this case the maxi-
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mum Q(λ2) decreases the strongly the longer 
time was needed for thermal transitions from 
R-levels, i. e. the slower changes in wavelength 

the slower rate d

dt

λ .

The decrease of maxima Q(λ) by turn in 
spectral area being remote from the beginning 
of wavelength change was observed in [13] that 
was the additional argument in favour of the 
model 2, b.

6. THE PROCESSES  
ON SHORTWAVE BOUND OF 
QUENCHING

The authors [14] show that the value IF 
does not change at shortwave bound of quench-
ing area because the intensities of photoexcita-
tion and quenching processes are equal. Since 
each of them depends differently on external ef-
fects — the values of light beams, temperature, 
applied voltage — the changes of these parame-
ters should result in displacement of wavelength 
to start quenching.

A) We can not observe the changes in λ0 
area (Fig. 1, a) connected with variation of volt-
age applied to sample or intensity of intrinsic 
light. The raise of intrinsic excitation takes place 
similarly in both models. This leads to increase 
of level occupation. On exposure the yield is 
observed higher, recombination rate increases 
quickly that rate of photoexcitation at absorp-
tion edge. The bound λ0 shifted to the short-
er wavelengths.

One and the same result was reached for 
the different intensities of IR-light in measure-
ments of spectral dependencies from shorter to 
longer wavelengths. The greatest effect on λ0 
position gives the followed spectral area Q(λ1) 
that is connected with transitions from basic 
states operating similarly in both models.

B) The transitions with energy 0,9 eV and 
1,1 eV have the different rates and take place in 
measurement of Q(λ) from longer wavelengths 
to shorter ones. The higher the intensity of light 
the more evident particularities observed.

If model 1, b operates at preliminary illu-
mination by light with energy 0,9 eV levels R 
are devastated and at the following excitation 
with energy 1,1 eV their photoresponse will 
be lower. The rate of quenching in λ0 decreas-
es respectively. The value λ0 should shift to the 

right and the higher the rate d

dt

λ  the evident 

the picture. But the opposite situation was ob-
served in experiments. The higher the rate of 
wavelength change the smaller shift of quench-
ing bound λ0 to the higher values.

This corresponds to the alternative  model 
2, b. Illumination with energy 0,9 eV devastat-
ed R΄ centers. Thermal ejection of holes R → R′ 
increases because there are larger free places. 
The shoots of holes from R-centers at the mo-
ment of illumination with energy 1,1 eV will 
be less because of the smaller occupation. The 

decrease in recombination rate results in shift 
of λ0 to the longer wavelengths, but this pro-
cess is inertial because of the additional stage 
of thermal transitions limited by probability 
phenomena.

C) The differentiation connected with tem-
perature change at registered voltage and light 
intensity is carried out better that is observed 
at measurement in the increasing wavelength 
of quenching light.

In model 1b the holes are knocked out from 
R′-states by thermal energy. The occupation of 
basic levels does not change there. And the in-
fluence of maximum Q(λ1) remains stable. One 
should expect the registered value λ0 but it shift-
ed from 920 up to 940 μm along the measure-
ments with temperature raise. This situation 
takes place because holes shift from R-levels to 
R′ ones. And illumination with wavelength λ1 
knocks out the smaller number of carriers. The 
processes of quenching are oppressed and the 
restoration of equality with rate of excitation is 
possible only at longer wavelengths.

6. CONCLUSION

The experiment which results are unambig-
uously defined by the active model of Fig. 1, b 
or 2, b is described in [3]. The plots Q(λ) for 
room and increased (up to 45—50°) tempera-
tures were compared to avoid the effects con-
nected with temperature quenching.

Spectral position of maximum Q(λ1) did not 
change under heating. In both models it is 
bound with hole release from basic state of 
R-levels.

A) Its height with heating slightly decrease. 
This testifies to favour of diagram 2, b. In this 
case the number of holes coming to R′-centers 
should increase. Occupation of R-levels drops. 
Light of wavelength λ1 knocks out the smaller 
number of carriers than in model 1, b, where the 
temperature influences only on R′-levels. When 
light with wavelength λ2 is absent the optical 
transitions R → R′ should not take place. The 
occupancy, the number of holes released from 
R-levels and the height of maximum Q(λ1) with 
temperature increase should be stable.

B) The second maximum Q(λ2) undergoes 
the greatest changes at heating. The increase 
of temperature in model 1, b results in devas-
tation of R′-centers. In the alternative model 
occupation of R′-levels should increase because 
the number of transitions there from the basic 
state increases. In experiment we observe the 
increase of longwave maximum Q(λ2).

C) The change in energy position of R′-le-
vels should occur with temperature changes. 
At T = 0 the changes are not observed. With 
temperature raise the walls of energy well for 
holes widen in space of quasi-impulse. And the 
moment when two quantum wavelengths for 
holes are along between them comes. The ex-
cited state R′ appears. In model 1, b this oc-
curs at 170—190 K for cadmium sulphide [2]. 
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The gap from the basic state (~ 1 eV) is rather 
big — see item VII. At the further temperature 
raise the walls of hole continue to wide. The 
energy ER′ raises. For both models the heating 
should be accompanied by approach of energy 
for ER′ to ER.

Our temperature range 20—50 °С was very 
narrow to observed the mentioned process. But 
with changes in energy distances the probabil-
ity to absorb phonons by bound holes chang-
es exponentially. If the model 1b operates, as 
R′-levels remove from the top of valence band 
the probability of holes release from them de-
creases. The probability to absorb photons λ2 
should decrease too. Maximum Q(λ2) becomes 
shorter. If the gap ER – ER′ decreases in case 
of model 2, b, the greater number of phonons 
in Maxwell distribution provides the transition 
of equilibrium holes to R′-levels and their con-
centration there increases. And light is possible 
to transit the greater value of charge to free 
state. Maximum Q(λ2) raises.

Hence, the diagram of Fig. 2, b confirms 
experimentally.

So, the created model of thermal-optical 
transitions reduces the shortcomings I—IX of 
model 1, b and is confirmed by experimental 
data 1—7. The process of hole release from 
the basic state — through the excited one — to 
the valence band begins from transition with 
absorption ER → ER′ of phonon with energy 
0,2 eV and only then the excitation to free 
state ER′ → Ev at the expense photon energy 
hν = 0,9 eV. Band diagram of Fig. 2, b is reali- 
zed.

Thus, proposed model of thermo-optical tran-
sitions proves to be true by the experimental 
data 1—7. The mechanism of holes release from 
the ground state through excited in the valence 
band includes first a transition with a phonon 
absorption ER → ER′ at 0,2 eV energy, and only 
then excitation in the ER′ → Ev free state due 
to phonon energy hν = 0,9 eV. The zonal plot 
Fig. 2, b is realized.
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