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AHHOTauua.  [posefeHbl nccnefoBaHuA Harpy3ouHbIX BO/Ib TaMnNepHbIX
XapaKTepUCTWK COMHEYHOr0 (POTO3NEKTPUYECKOTO MOLYNSA, HA OCHOBE TOHKOMIEHOYHOrO
MO/MKPUCT IMYECKOr0  MONYNPOBOAHUKOBOrO  OUHapHOro coefuHeHus Cu(In,Ga)Sez B
YCNOBUSAX peasbHOro conHe4yHoro oceelleHns (Prad=780 + 30 BT/m2), B TemnepaTypHOM
nHTepsane 250C-500C ¥ onpefeneHbl BeNMYMHBLI MOCNEAOBATENbHOIO W LIYHTUPYIOLEro
CONPOTUB/IEHNA.  YCTAaHOBMEHO, 4YTO C YBE/NMYEHWEM TemnepaTypbl  BeIUNYUHbI
rnocnefoBaTeNbHONO W LUYHTUPYHOLLEro CONPOTUB/EHNS COMHEYHOTO (POTO3NEKTPUYECKOrO
MOAY/St YMEHbLIAOTCA, 4YTO, BEPOSTHEe BCEro, CBA3aHO C MOAYNAUMENR COMpOTUBIEHNS
OychepHOro opoHTanbHoro cnosi n-Cds.

Kntouesble Cnosa: BOMbTAMMEPHAst XapaKTepUCTWKA, TOHKOMNEHOUHbIA COMHEUHbIA
(hOTO3NEKTPUYECKUI A MOAYNb, NOAMKPUCTANMYECKWA nonynpoBoaHuk, Cu(In,Ga)Sez, con-
HeuHas pagvaums, nocnefoBaTeNbHOE W LUYHTUPYHOLLEE CONPOTUBNEHNS, GyepHbIi Croi,
CdS.

SERIAL AND SHUNTABLE RESISTANCE OF CIGS SOLARPHOTO-ELECTRIC
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Abstract. The current-voltage characteristics of the solar photovoltaic module, based
on a thin-film polycrystalline semiconductor binary compound Cu(ln, Ga)Se2, under real
solar illumination (Prad=780 + 30 W/m2), in the temperature range of25 °C-50 °C, have been
studied and the values ofserial and shunt resistance are determined. It has been established
that with increasing temperature, the magnitudes of the series and shunting resistance of the
solar photovoltaic module decrease, which is most likely due to the modulation of the
resistance ofthe n-CdS bufferfront layer.

Key words: current-voltage characteristics, thin film solar photovoltaic module,
polycrystalline semiconductor, Cu (In, Ga) Se2, solar radiation, serial and shunting
resistance, buffer layer, CdS.

OAHUMM U3 OCHOBHbLIX U BaXKHbIX CTPYKTYPHbIX NapameTpOB COMHEYHbIX ()OTO3NEKTPU-
yecknx moaynein (CO3IM) asnsawTca nocneaosatenbHoe (Rser) n wyHTupytoutee (Rsh) conpo-
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TUBJICHUSI. 3HA4YeHHWE OTHX CONPOTHUBICHHUH OIPEHNeNAlOT BeNMWYnHy Ko3(durmeHTa
nose3Horo aeictsust (KII/) u morepu Ha 3THX COMPOTHBIEHUSX YMEHBINAIOT BBIXOTHYIO
MowHOCTE CPOM. Rser COOM ckianbiBaeTCs U3 MOCIEAOBATENbHO BKJIOYEHHBIX p-N-
MepeXoay COMPOTUBJICHUH: KOHTAKTHBIX CJIOEB P- U N- oOjacTeli 3J1eMeHTa, CONMPOTHBICHUH
TOKOCBEMHBIX  KOHTAakTOB  MeTai-nojynposoaHuk. IllyHTupyromee conpoTuBiIeHHE
OTpa’KaeT BO3MOXKHBIE ITOBEPXHOCTHbIE U OOBEMHBIE YTEUKH TOKAa IO COIPOTHBIEHHIO,
napaJjIeIbHOMY p-n- mepexony. B BbICOKO3((EKTUBHBIX COJIHEUHBIX 3JIEMEHTAaX, a TaKXkKe
C®OM, 3HaueHus IIYHTHUPYIOLIEro CONPOTUBIIEHUs] HMEIOT BbICOKHE BEJIMYMHBI, & 3HAUEHUs
MOCJICIOBATEILHOTO COMPOTUBIICHUS - HU3Kue [ 1, 2].

UccrnenoBanne Harpy304HBIX BOJBTaMIepHbIX xapakrepuctuk (HBAX) COOM [3-5],
onpeneneHne 3Ha4eHUN Rser 1 Rsh, MPU pa3iandHbIX TEMIEPATYPAX U MOLIHOCTSIX COJHEYHOTO
U3JIy4eHUsI AaCT BO3MOXKHOCTb YCTAHOBUTD SHEPreTHUECKUe MOTEpU, UMEIOINE MECTO, KaK B
o0beMe, TaKk U Ha KOHTAKTaX U IMPHIIOBEPXHOCTHBIX Ciosix CODOM, u ycTaHOBHTH 00JacTh
TEMIIEPaTyp M MOIITHOCTEH CBETOBOTO M3JIyUEHHs JJIsl ONpeneseHust o0aacTei a3 pekTHBHON
paboter uccnenyembix COOM. B nanHoi pabote ObUTH MPOBENECHBI HCCICIOBAHMS BIUSTHHS
TeMnepaTypbl Ha BeIUIUHbI Rser U Ry CPOM Ha 0CHOBE TOHKOIJIEHOUHOTO MOJIMKPUCTAIIIH-
YEeCKOro MOJIYITPOBOJHUKOBOTO OMHAPHOTO COEOMHEHUS MEAM-WHAMSA-TAUUS U TUCEIICHUIA
(Cu(In,Ga)Sez wmu CIGS), koTOpOe SIBISIETCS ONHUM W3 MEPCIEKTHBHBIX MaTEPHUAJIOB IS
COJIHEYHOM SHEPTETUKH [6-9].

Uccnenoanust CIGS CO®OM Obuir MPOBENEHBI B PEAIbHBIX YCIOBUSIX OCBEIIEHHOCTU
conHeuHbIM cBeTOM 8 mas 2018 r., B ropone TamikeHTe Ha SKCIEPUMEHTANBHON IMJIOIIANIKE
MexyHapOTHOrO MHCTUTYTa COJHEYHOH SHepruu. MOIIHOCTh Ma/aroliero COJIHEYHOro Oc-
Bemenus (Prag), Ha CODM 6b11a Praa=780 + 30 B1/m?. Iox meiicTBUEM CONHEYHOTO H3JIyde-
Hust temneparypa (T) COOM Boszpacrana or 26 °C go 50 °C, mpu 3TOM TeMmmeparypa
okpyskaromel cpensl Obi1a T=26°C.

Uccnenyembrii. COOM, mrobe3HO mpenocraBiieHHbId kommaHuedn Manz CIGS
Technology GmbH (I'epmanusi), coctosm u3 36 MOCIEAOBATEIBHO coequHeHHbIX CD ¢
s dexTuBHON Momanpo 27.8x27.8 cm?. MOIHOCTh MAfAIOIIEro COJHEYHOrO H3JTyYeHHUs
U3MEpPsUIaCh C TIOMOINBIO JaT4hKa OechmpoBOMHOTO aHamm3aropa Solmetric SolSensor.
Temnepatypa Ha noBepxHOcTH CPOM H3MeEpsIach ¢ MOMOIIBI0 HHPPAKPACHOTO TEPMOMETPA
Fluke 62 MAX. HBAX C®5M wuccrneqoBavuch ¢ MOMOINBIO AHAIU3ATOPa COJTHEYHOTO
moayns PROVA-210 (12 A, 60 V).

Ha puc. 1 nmnpencraBieHbl OSKCIepUMEHTANbHbIE pPe3yJbTaTbl TeMIlepaTypHOMH
3aBUCUMOCTH Rser CIGS CODOM, koropble ObUIM paccUMTaHbl U3 CBETOBOH HArpy304HOM
BOJIbT-aMIIEPHON XapaKTEePUCTHKH AJIST Pa3iMYHON Temrepatyprl GoroMonyis. Rse COOM
paccuuThIBa€TCS M3 JIMHEHHOro ydvactka cBeToBoii BAX BOMM3M TOUKHM HaNpspKEHHS
xoJioctoro xoma (V) [10, 11]. M3 skcnepumenTa cienyert, 9To Rser YMEHbIIAETCS C pOCTOM
TEMIIEPaTyphbl MO JIMHEWHOW 3aBHCHUMOCTH U OINHCBIBAETCS COOTHOIIEHHEM: Rser=33.993 —
0.0846*T(K), 3mecp mOKa3aHbl TeMIepaTypHble KO3(PPHUUUEHTBl  COMPOTHBICHHSL.
IToctpoenne yupenpHON mpoBogumoctu (G) or (1/T), ykaseiBaeT, 4TO 3aBUCHMOCTb HMEET
SKCIOHEHLIMAIIBHBIN XapakTep ¢ SHepruei aktuaunen Erse=0.085+0.05 3B.

Ha puc. 2 npencraBieHbl 53KCHEpUMEHTAbHbIE pE3yJbTaTbl TeMIepaTypHOM
3aBucuMOocTH Rsn CIGS COBOM, xoropeie ObUM pacCYUTaHBI U3 CBETOBOM HArpy304YHOMN
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BOJIbT-aMIIEpHOM XapakTepucTuku. Rgn CPOM paccuuTbiBaeTCss U3 JIMHEMHOIO ydacTka
ceeroBoii BAX BOmmM3M TOUkM TOKa KOpPOTKOro 3ameikanus (Jx) [10]. M3 skcnepumenta
crnenyet, uTo Rsn yMEHbIIAETCS C POCTOM TEMIIEPaTyphl JIMHEHHBIM 00pa30oM H OMUCHIBAETCS
cootHowmeHneM: Rsy=16585-41.9*T(K). ITocTpoeHne 3aBUCUMOCTH YAEIbHOH MPOBOAMMOCTH
or (1/T), ykasbBaeT, YTO 3aBHCUMOCTb HMEET AKTHUBALMOHHBIH XapakTep C SHEpruen
akTuBalUU ERrser=0.095+0.05 3B.
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Puc. 1. Temnepatypnas 3aBUcUMOCTb Ry  Puc. 2. TemnepatypHnas 3aBucuMOCTb Ry
CIGS COOM. CIGS C®OM.

Takum oOpazom mokaszaHo, 4TO BeTUUUHBI Rser 1 Rsn, CPOM Ha OCHOBE TOHKOILIE-
HOYHOTO TOJHKpUCTauTUeckoro OuHapHoro coenuHeHus: CIGS, yMeHbIIArOTCS ¢ poOCTOM
TEMIIEPaTypbl U UMEKT aKTUBALIMOHHBIN XapakTep ¢ S3HEePTUsIMU. Erser=0.085+0.05 3B u Ersh
=0.095+0.05 3B. YcTaHOBJEHO, YTO 3HAYECHUs SHEPTUH aKTUBALUU Erser 1 Ersh MO BenmmunHe
(bakTHUECKN OJMHAKOBBI, M, MO-BUAMMOMY, CBSI3aHBI C JHEPrueil akTmBauuu OydepHOro
¢dpouTanbroro cnos n-CdS B crpykrype CIGS [9]. OnTumusaims CTpyKTYpPHBIX MapamMeTpoB
1o Rser 1 Ry CIGS COOM, T1.¢., nanpHelimee ymeHblneHNe Rser ¥ yBeTMUeHNE 3HAUCHUS R,
JeNIaeT ero He 3aBICHMBIM, WY, B KpaiiHeM cirydae, ¢iado0 3aBHCUMBIM OT TeMITEPaTypPhl, 4TO
Ia€T BO3MOXKHOCTb JJIs1 JAJIbHENIIIEro yIydIlIeH!s BIXOAHBIX apameTpos COOM.
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One of the main and important structural parameters of solar photovoltaic modules
(SPVM) are series (Rser) and shunt (Rsh) resistances. The value of these resistances determines
the value of the coefficient of performance (COP) and losses at these resistances reduce the
output power of the SPVM. Rser SPVM consists of series-connected p-n junction resistances:
contact layers of p- and n- regions of an element, resistance of current-collecting metal-
semiconductor contacts. Shunt resistance reflects possible surface and volume current leakage
in resistance parallel to the p-n junction. In highly efficient solar cells, as well as SPVM, the
values of shunt resistance are high, and the values of series resistance are low [1, 2].

The study of the load current-voltage characteristics (LCVC) of the SPVM [3-5], the
determination of the values of Rser and Rsh at different temperatures and powers of solar
radiation will make it possible to establish the energy losses that occur both in the volume and
on the contacts and near-surface layers ofthe SPVM, and to establish the temperature and power
range of light radiation to determine the areas of effective operation of the studied SPVM. In
this work, we studied the effect of temperature on the values of Rser and Rsh of SPVM based
on a thin-film polycrystalline semiconductor binary compound copper-indium-gallium and
dyslenide (Cu (In, Ga) Se2 or CIGS), which is one of the promising materials for solar power
engineering [6-9].

CIGS SPVM studies were carried out in real conditions of sunlight exposure on May 8,
2018, in the city of Tashkent at the experimental site of the International Institute of Solar
Energy. The power of the incident solar illumination (Rad) at the SPEM was Rad = 780 = 30
W / m2 Under the influence of solar radiation, the temperature (T) ofthe SPVM increased from
26° Cto 50 ° C, while the ambient temperature was T = 26 ° C.

The studied SPVM, kindly provided by Manz CIGS Technology GmbH (Germany),
consisted of 36 series-connected solar cells with an effective area of 27.8x27.8 cm2. The power
ofthe incident solar radiation was measured using a sensor of the Solmetric SolSensor wireless
analyzer. The temperature at the surface of the SPVM was measured using a Fluke 62 MAX
infrared thermometer. NVAH SPVM were studied using a PROVA-210 solar module analyzer
(12 A, 60 V).

In fig. Figure 1 presents the experimental results of the temperature dependence of the
Rser CIGS CFEM, which were calculated from the light load current-voltage characteristics for
different temperatures of the photomodule. Rser SPEM is calculated from the linear portion of
the light I - V characteristic near the point of open circuit voltage (Vxx) [10, 11]. It follows from
the experiment that Rser decreases linearly with increasing temperature and is described by the
relation: Rser=33.993 - 0.0846 * T (K), temperature resistance coefficients are shown here. The
construction of the specific conductivity (0) as a function of (1 / T) indicates that the
dependence is exponential with an activation energy of ERser = 0.085 + 0.05 eV.

In fig. 2 shows the experimental results of the temperature dependence of Rsh CIGS
CFEM, which were calculated from the light load current-voltage characteristics. Rsh SPVM
is calculated from the linear portion of the light current - voltage characteristic near the point
of short circuit current (Jshc) [10]. It follows from the experiment that Rsh decreases linearly
with increasing temperature and is described by the relation: Rsh = 16585-41.9 * T (K). The
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construction of the dependence of the specific conductivity on (1/T) indicates that the
dependence has an activation character with an activation energy of Erser = 0.095 £ 0.05 eV,
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Fig. 1. Temperature dependence of Rger Fig. 2. Temperature dependence of Ry
CIGS SPVM. CIGS SPVM.

Thus, it was shown that the values of Rser and Rsh, SPVM based on the thin-film
polycrystalline binary compound CIGS, decrease with increasing temperature and have an
activation character with energies: Erser = 0.085 = 0.05 eV and Egsy = 0.095 £ 0.05 eV. It was
found that the activation energies Erser and Ersh are practically identical in magnitude, and are
apparently related to the activation energy of the buffer frontal layer of n-CdS in the CIGS
structure [9]. Optimization of structural parameters by Rser and Rsy CIGS SPVM, i.e., a further
decrease in Rser and an increase in Ry, makes it independent, or, in extreme cases, weakly
dependent on temperature, which makes it possible to further improve the output parameters of
the SPVM.



