UDC 525.315.592

V. A. Borschak, M. I. Kutalova, N. P. Zatovskaya, L. N. Vilinskaya, A. O. Karpenko
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Abstract.

Abnormal dependence of volt-farad characteristics of «nonideal» heterojunction barrier capacity
1s investigated. It is shown that in heterojunctions with the big concentration and non-uniform distri-
bution of defects tunnel currents essentially influence on the barrier capacity size.

The model for an explanation of abnormal barrier capacity dependence on the voltage, using
tunneling-recombination mechanism of carriers carry through the area of a spatial charge is offered.
The put forward assumptions put in a model basis, are confirmed experimentally.
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OCOBJIMBOCTI BOJIBT-®APAJTHOI 3AJIEXXHOCTI BAP’EPHOI €MHOCTI
HEIJEAJIBHUX T'ETEPOIIEPEXO/IIB

Pesrome

JlocmipkeHO aHOMAJIbHY 3aJIeKHICTh BOJIBT-(hapaJHOi XapaKTepUCTUKU Oap’€pHOI EMHOCTI «Heife-
abHUX» reTeponepexoiB. [lokazaHo 110 B rereporepexogax 3 BEIUKOIO KOHIICHTPAITIEIO 1 HEOTHOP1-
HUM PO3IO/ILIIIOM JIe(EeKTIB TYHENIbHI CTPYMH 1CTOTHO BIUIMBAIOTh HAa BEIMYMHY Oap’€pHOT EMHOCTI.

3anporoHOBaHO MOJIEIb ISl TIOSICHEHHS! aHOMAJILHOT 3aJIeKHOCTI Oap’€pHOT €MHOCTI BiJl HAMPYTH,
10 BUKOPUCTOBYE TYHEIHLHO-PEKOMOIHAIIIMHUN MEXaHI3M MEPEeHOCY HOCIIB 4epe3 001acTh MPOCTOpO-
BOTO 3apsiy. BUCYHYTI mpHUIMyIIeHHS, TOKJIAJeHI B OCHOBY MOJIENI, MiITBEPAKEHI EKCIIEpUMEHTAIBHO.

KiroueBi crnoBa: HeifeadbHUIl TeTepomepexis, BOIbT-(hapazHa XapaKTepHCTHKA, CTPUOKOBa
IIPOBIAHICTh
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OCOBEHHOCTH BOJIBT-®APAJTHOM 3ABUCUMOCTHU BAPBEPHOM EMKOCTH
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Pesrome
HccnenoBana aHomalibHasl 3aBUCUMOCTD BOJIBT-(apaJHON XapaKTEepUCTUKU OapbepHOW €MKOCTH
«HeuieaJIbHbIX» reTepornepexooB. [lokaszaHo 4To B rerepornepexojax ¢ O0JIbIION KOHIIEHTpauuel 1
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HCOAHOPOAHBIM PaCIpPCACIICHUCM ,Z[G(i)CKTOB TYHHCJIBHBIC TOKH CYHICCTBCHHO BJIMAIOT HA BCIUYHUHY

OapbepHOI EMKOCTH.

[Tpennoxkena Moaenp i 0OBbSICHEHUS! aHOMAJIBHOW 3aBUCUMOCTH OapbepHOM €MKOCTH OT Hamps-
YKEHHUS1, UCTIOIB3YIOIIast TYHHEIbHO-PEKOMOUHAIIMOHHBIN MEXaHU3M IepeHoca HOCUTeNeH uepe3 00-
JIACTh IPOCTPAHCTBEHHOIO 3apsa. BeIIBUHYTHIE IIPEIITIOIOKEHHUS], [TOJIOKEHHBIE B OCHOBY MOJEIH,

MMOATBCPIKACHBI SKCIICPUMCHTAJIbHO.

KiroueBble c10Ba: HeUIeaIbHbIN reTepornepexo/], BOIbT-(hapagHas XapaKTepUCTHUKA, IPBDKKOBAs

IMPOBOJAUMOCTD

At selection of semiconductor substances for
heterojunction (HJ) creation the semiconductor
“ideal” pairs are considered those which crystal
lattices constants differ on the tenth part of per-
cent. However at the majority of the semiconduc-
tor compounds suitable to manufacturing HJ with
necessary properties, crystal lattices constants
differ in some percents. Such lattices discrepancy
creates on the interface high density of states (~
10 sm?) [15], being the centres through which
recombination and tunneling can be carried out.
These phenomena usually degrade the HJ work,
nevertheless some “nonideal” heteropairs are per-
spective. Classical type of “nonideal” HJ is pair
CdS - Cu,S, used as a photo cell with efficiency
of 7...9 %.

In the present work cadmium sulfide — cupper
sulfide HJ, received in a aninted vacuum cycle on
a glass substrate with the transparent SnO, con-
ducting layer were investigated. The technology
of HJ obtaining is based on consecutive thermal
evaporation of cadmium sulfide and copper chlo-
ride in vacuum.

Formation of heterojunction CdS-Cu_S occurs
as a result of solid-state  substitution reaction
by ions Cu * ions Cd*" on a surface of cadmium
sulfide at heating of the CdS-CuCl structure in
vacuum [2].

Crystal lattices constants of CdS and Cu,S dif-
fer on 4 % [3] that is the reason of occurrence
of the big concentration of mismatch dislocation
which can serve as centres of recombination, and
also centres of capture for holes and electrons.
These centres play the important role in processes
of current transport and charges separation and
are located in the spatial charge region (SCR),
completely laying in volume of cadmium sulfide,
because of heterojunction asymmetry.

Data on these centre parameters and on do-
nor concentration distribution in SCR can be re-
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ceived, by investigating the barrier capacity de-
pendences on voltage. Measurement of volt-farad
characteristics of “nonideal” HJ usually gives in
coordinates C2...U a straight line with one or sev-
eral breaks (fig. 1, curve a). These sections testify
the presence of areas with various charge concen-
tration amounts in SCR [1].

For CdS-Cu,S heterojunctions, received on the
described technology, volt-farad  characteristic
had more complex character shown in abnormal
behaviour of curve ~ C2...U dependence at small
negative and positive voltages (fig. 1, curve b).

C k10" F*

\\\ \
Olllllll\\ll\l

-1 0 +1 UV

Fig. 1. Dependence of C? amount on a voltage for
heterojunction with the step distribution of charge
concentration inbase: a-theoretical dependence;

b - experimental curve

Presence of two linear sections 1 and 3 on the
experimental curve is connected to existence of
two layers with various charge carrier concentra-
tions. These layer extents L, and L, were calcu-
lated under the formula:
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Where ¢, - absolute dielectric permeability;
¢ - relative dielectric permeability of of cadmi-
um sulfide; e - electron charge; U - the voltage
biased to heterojunction; ¢ - the barrier height
determined on a cut-off voltage: ¢, = 0,27 €V,
@, = 1,05 eV. Concentration of a charge in layers
is determined by expression

) d(C‘z)
dU
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N1,2 =

g,eS’

where S — HJ area.

For layer L = 0,51 microns, N, = 4,1-10" cm
’. For layer L, = 0,12 microns, N,=2,2-10"°cm”.
Smaller values of concentration N, of boundary
layer L, are connected to copper diffusion into
cadmium sulfide volume at heterojunction forma-
tion. Copper atoms are acceptors in cadmium sul-
fide and, lower the charge density by compensat-
ing donor centres.

On fig. 2 the band diagram constructed on cal-
culated values N, N, and L, L, is given. How-
ever, such model allows to explain only volt-farad
dependence submitted by the curve a on fig. 1.
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Fig. 2. The band diagram of heterojunction,
constructed on the data of the experimental volt-
farad dependence

As itis obvious from fig. 1 (curve b), the exper-
imental curve has an abnormal section on which
the capacity grows with reduction of a direct volt-
age. The behaviour of the volt-farad dependence
curve on a section 2 does not find an explanation
within the framework of model [ 1 ].

The observable trend of curve can be the con-
sequence of a field devastation of the electronic
capture levels located in volume of cadmium sul-
fide near to HJ border. Intensity of an electric field
necessary for this process is realized in SCR at
negative and small positive biases. The competi-
tion of the deep electronic traps filling processes
and their full devastation results in increase or re-
duction of SCR width. Change of the barrier ca-
pacity amount in this case should be accompanied
by a current relaxation at change of bias polarity.
However the experiment which has been carried
out in a wide range of frequencies, has not found
out current relaxation that does not allow using
the described mechanism.

For interpretation of abnormal course experi-
mental volt-farad characteristics the assumption
that conductivity G, of layer L, is much more than
conductivity G, of layer L, is made. The assump-
tion is made contrary to inequalities: L, > L,, n, <
n,, however is justified as conductivity in barrier
areas of nonideal HJ can be connected to the tun-
nel mechanism.

For more information on the current trans-
port mechanism temperature dependences of
heterojunction conductivity were investigated.
Temperature dependence of samples conductiv-
ity at positive bias on junction in an interval of
temperatures from nitrogen up to room is badly
straightened in /nG...T"' coordinates. The average
amount of activation energy, determined on the
specified dependence, is equal 0,012 eV. Howev-
er the measured temperature dependence is well
straightened in G...T"" coordinates. According to
Mott-Devis theory [6] such dependence observ-
ing in homogeneously - disorderly semiconductor
substance what the area of heterojunction CdS-
Cu,S spatial charge is, and also the abnormal
low energy of thermal activation of conductivity,
specify on jumping mechanism of current trans-
port on local states. This is specified with observ-
ing frequency dependence of active component
of conductivity G...o"* in a range of frequencies
5 <o <200 kHz.

Conductivity of barrier areas of researched
samples in the greater degree is determined by a
tunnel transparency, than the carrier concentra-
tion. At cupper diffusion into CdS boundary layer
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arise a plenty of failures of a crystal lattice that
provides multistage process of tunneling through
rather extended area L, [7].
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Fig. 3. Dependence of dark conductivity on positive

bias on heterojunction (frequency of a measuring
signal is equal 10 kHz)

HJ capacity, measured experimentally, is con-
nected to a layer of the lowest electroconductivity. At
negative bias on junction when SCR has the big ex-
tent, and at performance of inequality G, >> G, the
capacity of only layer L, is measured, and layer L, is
perceived by the measuring device as series connec-
tion resistance.

At the apply on HJ positive bias thickness of L,
layer decreases and it should result in increase of
measured capacity. Simultaneously there is a redis-
tribution of measuring signal voltage: it grows on L,
and decreases on L,.
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Under these conditions, the capacity of both lay-
ers is measured and the abnormal behavior of volt-
farad dependence is observed. Reduction of capacity
proceeds until SCR does not become equal to layer
L, thickness. At the further increase of positive bias
capacity SCR, laying only in layer L, is measured, as
now this area has the lowest conduction. In these con-
ditions, the normal section of volt-farad characteristic
is again observed.

The confirmation of the offered model is the mea-
sured dependence G=f(U) submitted in fig. 3. Really,
at the voltages appropriate to an abnormal section of
a curve C? = f(U) and to redistribution of decline in
potential between areas L, and L. sharp increase of
heterojunction electroconductivity is observed.

It is typical for the given band diagram, that he po-
sition of L, border has “biographic” character while
the width of L, layer depends on the bias voltage or
other influences. At excitation of heterojunction by
light the space charge region has smaller extent as a
result of the capture level filling by photoexcited holes
[4]. In such conditions at zero bias on heterojunction
the space charge region is placed only in the compen-
sated layer, characterized, as it was shown above, by
tunnel-recombination mechanism of conductivity.

Thus, on the example of classical nonideal struc-
ture on the basis of semiconductor compounds cad-
mium sulfide — cupper sulfide it is shown, that in
heterojunctions with the big concentration and non-
uniform distribution of defects in boundary region
tunnel currents essentially change dependence of bar-
rier capacity on a voltage.
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Pesrome

JocnipkeHo aHOMaJbHY 3aJI€KHICTh BOJIBT-(PapaHOi XapaKTepUCTUKU Oap’€pHOT €MHOCTI «He-
i1eanbHUX» rereponepexonis. IlokazaHo 1o B rerepornepexoax 3 BEJIUKOIO KOHIEHTpPAL€0 1 HEo-
JTHOPITHUM PO3MO/ITIOM 1e(heKTiB TyHENIbHI CTPYMH iCTOTHO BIIMBAIOTh HAa BEJTMUUHY O0ap’€pHOT €M-
HOCTI.

3arponoOHOBAHO MOJIEIIb JUIsl TOSICHEHHS aHOMAJIbHOT 3aJ1€KHOCTI 0ap’€pHOT EMHOCTI BiJl HAIIPyTH,
1110 BUKOPUCTOBY€E TYHEIbHO-PEKOMOIHAIIHUN MEXaHi3M IIepeHOCy HOCIIB yepe3 001acTh MPOCTOPO-
BOTO 3apsiay. BucyHyTi npumnyuieHHs, NOKJIaJeHl B OCHOBY MOJIEN1, NIATBEPAKEH1 €KCIIEPUMEHTAIIb-
HO.

KiroueBi cioBa: HeifeanpHHI rereponepexil, BOJbT-(hapajgHa XapaKTEpPUCTHKA, CTPUOKOBa
MIPOBIAHICTH
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OCOBEHHOCTH BOJIBT-®APAJTHON 3ABUCUMOCTHU BAPBEPHOM EMKOCTH
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Pesrome

HccnenoBana aHoManbHasi 3aBUCUMOCTb BOJIBT-(hapaJHON XapaKTEpUCTUKU OAphepHONW €MKOCTH
«HEeUIeaJIbHBIX» TeTeporepexooB. [TokazaHo 4To B rereporepexojax ¢ O0IbIION KOHIICHTpaluel 1
HEOJTHOPOJHBIM pacripesieieHHeM Je(eKTOB TyHHEJIbHbIE TOKH CYIIECTBEHHO BIIUSIOT HA BEJIUUYUHY
0apbepHON EMKOCTH.

[Tpennoxena Moaenp it 0OBSICHEHUS! aHOMAJIbHOW 3aBUCUMOCTH OapbepHOM €MKOCTH OT Hamlps-
KEHMSI, UCIIONb3YIOIasl TYHHEIbHO-PEKOMOMHAIIMOHHBIM MEXaHU3M IepeHoca HOCUTENEH yepe3 00-
JaCTh MMPOCTPAHCTBEHHOTO 3apsiia. BeIIBUHYTHIE NPEANIONOKEHNUS, TIOJIOKEHHBIE B OCHOBY MOJEIH,
MOATBEPKIEHBI IKCIIEPUMEHTAIIBHO.

KuroueBble ciioBa: HeuiealbHbIN reTeponepexo, BoibT-papaHas XapaKTepUCTUKa, IPbLKKOBAs
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