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B cTaTbe npeacTaB/ieHbl pe3y/bTaTbl TEOPeTUYECKUX
M 3KCNepUMEeHTa/IbHbIX NCC/Ief0BaHUN BO3MOXKHOCTEN
BU3yann3auum Bo3enCTBUS BHELUHUX TeNI0BbIX,
3/1eKTPOMArHUTHbIX U aKyCTUYECKUX MOoJie Ha
nosynpoBOAHUKOBbIV MaTepuan Usjly4eHmem

M3 CNeKTpasibHOro Auana3oHa Kpas CO6CTBEHHOro
norjouieHns matepuana.

BBEAEHWUE

CyIlecTByeT MHOXKECTBO CII0CO60B BH3yalH3allUMHU
PasIuYHEIX (H3HYECKHX IIoJeH. TemIepaTypHoe
I10/Ie HarpeToro Tela MOXKHO OeCKOHTaKTHO yBHEThH
C IIOMOIIBIO TemaoBH30poB M HMK-kamep. KoHTaKT-
Hble MeTOHbl HAOMIOMeHHUs TeILIOBBIX IIOJIEH OCHO-
BaHbl Ha INPHMEHEHUH Pa3HOOOpa3sHBIX TEepPMOYYB-
CTBUTE/IPHBIX CPell, HallpUMep >KUAKHX KPHCTAJIJIOB.
MarHuTHbBIe II0JI1 BH3YaJM3HPYIOT IIOCPeACTBOM
beppoMarHUTHBIX MOPOIIKOB K >KHUAKOCTeH. Ilonst
MeXaHHYeCKHUX HaIpsDKeHHH B IIPO3PAavHBIX Cpefax
Hab/I0aI0T C IpHMeHeHKeM IIOISIPU30BAaHHOIO CBETa
B CKpeIlleHHBIX ITo/sgpHu3aTopax. CHIOBbe JIMHUU
3JIEKTPUYECKOr0 IO/ MOXKHO YBHIETh, IIPHUMEHHB
B3BECh 3JIeKTPOIIOISPHU3YIOIIEroCs IOPOIIKa B BA3KOM
SKUAKOM IU3IeKTPUKe, HAalIpUMep 360HUTOBBIH II0PO-
ILIIOK B KACTOPOBOM Macie.

Bce mepeuncieHHble U Opyrue CIocobbl BHU3yallb-
Horo HabnmofleHUsl PU3NUeCKUX I10JIell OCHOBaHBI Ha
Pa3sIMYHBIX MPHUHLMIIAX B3aHMOJEMNCTBUS II0JIeH
C BU3Ya/IM3UPYIOIINMU CpefaMU WM OKPYKaOIIHUM
[IPOCTPaHCTBOM. OJHAKO B CJly4ae MaTepHUajoB, UMe-
IOIIMX 3allpelleHHYyIo 30HY, a 3TO I0JyIIPOBOSHHKH,
KPUCTaJ/l/IMYeCKHe JU3IeKTPUKH U HeKOTOPble CTeK/a,
€CTh BO3MOYKHOCTb BU3ya/IbHO HaO/IIOAATh Pa3IHUHbIe
[0/Ig BHYTPU MaTepHaja, OCHOBBIBAsCh Ha OJHOM
dusuyeckom 3dpdexkre. 310 3PpdekT H3MeHeHUS
IIMPHUHEl 3aIlpellleHHOM 30HBl H, COOTBETCTBEHHO,
COBUTa Kpasi COBCTBEHHOTO IOIVIONEHUSI MaTepHaa,
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SEE THE INVISIBLE:
VISUALIZATION OF PHYSICAL
FIELDS IN SEMICONDUCTOR
MATERIALS

A. M. CrigorieV', grigoriev@ltc.ru, E. V. Cherkesova'
"'Laser Technology Centre, St. Petersburg, Russia

This article deals with the results of theoretical and
experimental studies of the possibilities of visualizing
the effects of external thermal, electromagnetic

and acoustic fields on a semiconductor material by
radiation from the spectral range of the material's
fundamental absorption edge.

INTRODUCTION

There are many ways to visualize various physical
fields. The temperature field of a heated body can
be viewed contact-free with thermal imagers and IR
cameras. The contact methods for observing thermal
fields are based on the use of various heat-sensitive
media, e.g., liquid crystals. Magnetic fields are
visualized by means of ferromagnetic powders and
liquids. Mechanical stress fields in transparent
media are observed using polarized light in crossed
polarizers. The electric field lines can be seen by
applying a suspension of an electropolarizing powder
in a viscous liquid dielectric, such as ebonite powder
in castor oil.

All of the above and other methods of visual
observation of physical fields are based on
various principles of the interaction of fields with
visualization media or the surrounding space.
However, in the case of materials with a energy
gap, such as semiconductors, crystalline dielectrics,
and some glasses, it is possible to visually observe
various fields inside the material, based on one
physical effect. This is the effect of a change of the
bandgap and, accordingly, a shift of the material’s
fundamental absorption edge, which is induced by
a particular physical field. As a result of external
influence of a thermal, mechanical, electric or
magnetic field on a semiconductor material, its
energy gap may increase or decrease. So, when
heated, the gap increases, and under the conditions
of compression of the material, e.g., influenced
by hydrostatic pressure, the width of the gap
decreases.
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KOTOPBIM HMHIOYIUPOBAH TeM W/IH HHBIM OH3HYe-
CKHUM II0JIeM. B pe3syibTaTe BHEIIHEIO BO3[EeHCTBHS
TEeIJIOBOIO, MEeXaHHYeCKOro, 3JIeKTPUYecKOro MU
MarHUTHOIO IIOJISI Ha IOJYIIPOBOJHHUKOBBIM MarTe-
PpHaJ ero 3alpellleHHas 30HA MOXeT YBeJTHYHBAThCS
WM yMeHbIIAThcsi. Tak, NpM HarpeBe 30HA YBeJIH-
YMBAETCS, & B YUIOBUSIX CKaTHS MaTepHaa, HaIlpH-
Mep, IO JeHCTBHEM IHAPOCTATHYECKOro IaBJIeHHS,
IIHPHHA 30HBl YMEHBIIAETCS.

®U3NYECKUA NPUHLUN BU3YASIU3ALUU

HM3BECTHO, YTO MAaTepHa/bl, KMEIOU[He 3allpelieH-
HYI0 30HYy, IIPO3PayHBl [Is CBETa, €CIH JHEeprus
najfamonero GoToHa OKa3bIBAETCS MEHbIIe MHUPUHBIL
3alpel[eHHON 30Hbl, U I[IOJIHOCTBI0 IIOTJIOMIAIOT
CBeT, eCJIM JHEPrus Majfammero GoToOHA OKa3bIBa-
eTcs 6osble 3TOM WHPUHBL. CIIeKTpanbHas 0671acTh
mepexoa OT MPO3PAYHOCTH K IOIJIOMEHHI0 HA3bIBA-
eTCsl KpaeM COGCTBEHHOro WK GyHIAMEHTAIBHOTO
[orJIoNleHUs Martepuana. Ko3dpouiuueHT moriouie-
HUsI CBETA MaTepHajoM SKCIIOHEHI[UAJIbHO YBeIH-
YHBAETCs, U 3TOT IIPOLIECC OIHCHIBAETCS HOPMYIION
Ypbaxa [1]:

o(E)= o, exp(— EQE_ E].

U

31ech: Eg - IIMPHHA 3allpelleHHOM 30HBI IOJy-
NpoBOJHHUKA, E - sHeprus ¢oToHa; E; -mapamerp
Ypbaxa; o, - K0O3QPUIILEHT IOIIOLeHHs MaTepraia
npu E=E .

Ecmy muprHa 3alpeljeHHON 30HBI E; M3MeHs-
eTCsl Ha HEKOTOPYIO BeIMYMHY +AE;, TO 3TO IIPUBOSHUT
K CIBUTY Kpasi COOCTBEHHOTO IIOIVIONMEHUS B KOPOTKO-
BOJIHOBYIO HJ/IM JJIMHHOBOJIHOBYIO 0071acTh CIIeKTpa,
COOTBETCTBEHHO 3HAaKy HM3MeHeHHS LIHDHUHBI 30HBI.
ITOT 3QPeKT CMelleHHs Kpasi MOKHO KCII0/b30BaTh
IJIS. BU3yaJIbHOTO Hab/MIOfIeHUs pe3y/lIbTaTa pasaud-
HBIX BHEIIHUX BO3JEMCTBHUM Ha MaTepHal: MeXaHH-
YeCKHX, aKyCTHYeCKHX, TEeIlJIOBBIX, a TaloKe 3JIeKTPH-
YeCKMX U MarHUTHBIX Iojiek. UTobel cpopMUPOBATH
OITHYecKoe H300paskeHHe pe3yabTaTa BHEIIHEro BO3-
JeNCTBUS, MaTepHa/l HY>KHO IIPOCBETHUTb 30HIUPYIO-
IIMM IIy9KOM CBeTa C 3Heprueu GpoToHa M3 CIIeKTPa/Ib-
HOM 00JIaCTH, I'Ze SHeprus GoToHAa HEMHOIO MeHbIIIe
IIMPHUHBI 3alIPelleHHON 30HBI, X KOTOPYIO Ha3bIBAIOT
XBOCTOM Kpasi IIOIJIOMIeHHsI.

st cBeTa ¢ QUKCHPOBAaHHOL 3Hepruerd (GoToOHaA
E,, M3 CIeKTPalbHON 06/IaCTH XBOCTA IIOIVIOLIEHUS
HM3MeHeHHe KO3QPHUIIMeHTa MOITIOMEeHMS B yCIOBUAX
H3MEeHeHUH Be/IMYMHBI 30HBbl OIIpefeNsieTcs COOTHO-
IIeHKeM, KOTOpoe cienyeT 13 dopmyisl Ypbaxa [2]:

i1

PHYSICAL PRINCIPLE OF VISUALIZATION

It is known that materials with an energy gap are
transparent to light if the energy of the incident
photon is less than the width of the energy gap, and
completely absorbs light if the energy of the incident
photon turns out to be greater than this width. The
spectral region of the transition from transparency
to absorption is referred to as the fundamental
absorption edge of the material. The coefficient of light
absorption by the material increases exponentially,
and this process is described by the Urbach formula
(1l

E -E
ofE)-spexp( - |
U

where: E, is the energy gap of a semiconductor, E is
the photon energy; E; is the Urbach parameter; «, is
the material absorption coefficient at E=E,.

If the energy gap E,; changes by a certain amount
tAE,, then this leads to a shift of the intrinsic
absorption edge to the short-wave or long-wave
region of the spectrum, respectively, the sign of the
change in the bandgap. This edge shift effect can be
used to visually observe the result of various external
influences on the material: mechanical, acoustic,
thermal, as well as electric and magnetic fields. To
form an optical image of the result of an external
impact, the material needs to be illuminated with
a probe beam of light with photon energy from the
spectral region, where the photon energy is slightly
less than the width of the energy gap and which is
referred to as the tail of the absorption edge.

For light with a fixed photon energy, E, from
the spectral region of the absorption tail, the change
in the absorption coefficient under conditions of a
change in the gap size is determined by the relation
that follows from the Urbach formula [2]:

E +AE,-E, +E
oc(Eph): o, exp[—gEiUg”J =0, exp(—E—Ug].

E,-E,

where: ocph:ocoexp[— ) is the initial material

U
absorption coefficient of light with photon energy E,;,
(until the moment of the beginning of the impact).

In the case of an external impact on the material,
leading to a decrease in the gap by the value -AE,,
the absorption edge shifts to the left, to the long
wavelength side of the spectrum. This shift causes a
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E,-E, .
£ | HadaJabHBIH KO3POHU-
U

30ech: o, =0, exp(—
LIMEeHT IIOIJIOIIEeHHsI MaTepUaloM CBeTa C SHepruew
¢oToHa Eyy (mo MOMeHTa Havasia BO3IEeHCTBHS).

B cnydae BHeIIHero BO3LEHCTBUA Ha MarTe-
pya, OPUBOJAILETO K YMEHBIIEHHIO 30Hbl Ha BeJIu-
uhuHy -AE;,, KpaH IIOIVIOIIeHHsI CMeIlaeTcs BJIeBO,
B IJIMHHOBOJIHOBYIO CTOPOHY CIIeKTpa. JTO CMelleHHe
00yC/IaBnMBaeT 3HAUMUTENbHOe YBeJIHYeHHe Kodbdu-
LIMeHTa IOIJIOIeHUs CBeTa C SHepruer GoToHa Esp
U, COOTBETCTBEHHO, 0C/ableHue CBeTa, MPOLIeIIero
CKBO3b MaTepuas. ECIM MaTepuan HaXOOUTCS IIO[
BO3EeMCTBHEM, YBeIHYHUBAIOIIMM 3allpelleHHYIo
30HY +AE,, TO KpaH IOIVIOLIeHUS COBUTaeTCs BIIPaBo,
B CTOPOHY KOPOTKHX BOJIH. B IIpoliecce cABUTra Kpas
K03OHUIIMEHT IOITIOLeHHUS CBeTa C SHeprueu GoToHa
E,; 3HaYHTEeIBHO yMeHBIIAeTCs, MaTepHa IIPOCBET-
JI€TCd IPOIOPLIMOHAIPHO CTEIIeHHW BHEIIHEero BO3-
DeHICTBUS, U KOTHUYeCTBO CBeTa, IIPOIIe/lero CKBO3b
MaTepHa, yBelIMYHBaeTCs. IJTa CHUTyalldsd Cxema-
THYeCKH H300paskeHa Ha puc. 1. 3emeHasi KpUBas -
3TO Kpad IOIVIOIIeHHs A0 BHEIIHEero BO3JeMHCTBHS,
a KpacHas U CHUHSS KPHUBble KM3006paskaloT AJIUHHO-
BOJIHOBBIM KU KOPOTKOBOJIHOBBIM CIBHUI Kpasi COOT-
BEeTCTBEHHO, 3HePruu GoToHa E; oTMedeHa 5KeIThHIM
IIYHKTHUPOM.

ITocKO/MBKY Pa3Hble BHENIHHe BO3/AEHCTBUS Ha
MaTepHasl C 3alpellleHHON 30HOI BBI3BIBAIOT Pa3HO-
HaIIpaB/JIeHHbIN COBUT Kpas COOCTBEHHOIO IIOIJIOIIe-
HUSI, TO L1e7IecO0OPa3HO pacCMaTpPHUBATh BOIIPOC BH3Y-
anu3aliy, pas3fie/lMB BHeNIHMWe BO3/EHCTBUS Ha JBa
TUIIa. [IepBBIM THUII UHAYLHUPYyeT yBeJlHUYeHHe 3amlpe-
IIeHHOM 30HBl MaTepuaaa U CABUI Kpas B AJHHHO-
BOJIHOBYIO CTOPOHY CIIeKTPa, a BTOPOM THII BBI3bIBAET
yMeHbIIIeHHe 30Hbl U CIBUT Kpasi B KOPOTKOBOJIHOBYIO
CTOpPOHY.

AJIMHHOBOJIHOBbLIN COBUT

Harpes monymnpoBOJHMKOBOIO MaTepuaja H/IH BO3-
JeHCTBHE 3/IeKTPUUeCKOro I10/Is BbI3bIBAIOT YMeHbIIe-
HHe NIMPHHBI 3aIlpellleHHOk 30HBI, KOTOpPOoe IIPOIop-
LIMOHA/IbHO HM3MEHEeHMI0 TeMIIepaTyphl MaTepHalia
WJIM HAIIPSIKeHHOCTH I10/18 COOTBeTCTBEHHO.

B cnydae Harpesa IIONIYIIPOBOJHHMKOBOIO Mate-
pHana, MCXOOHO HaXOAAILErocs IIpU HOPMaJIbHBIX
ycnoBusx (temmepatypa 20 °C u aTMochepHOe faBiie-
Hue ~10° Ila), coKpallleHHe 30HBI IIPSIMO IIPOIIOPIIHO-
HaJIbHO yBeIMYEeHHIO TeMIIePaTyPhl:
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significant increase in the absorption coefficient of
light with the photon energy E,;, and, accordingly, the
attenuation of light passing through the material. If
the material is under the influence of increasing the
energy gap +AE,, then the absorption edge shifts to
the right in the direction of short waves. During the
edge shift process, the absorption coefficient of light
with a photon energy Ey, is significantly reduced, the
material becomes clear in proportion to the degree of
external influence, and the amount of light passing
through the material increases. This situation is
shown schematically in Figure 1. The green curve is
the absorption edge before external influence, and
the red and blue curves represent the long-wavelength
and short-wavelength shift of the edge, respectively,
the photon energy E,; is denoted with a yellow dotted
line.

Since different external influences on a material
with an energy gap cause a multidirectional shift of
its own absorption edge, it is advisable to consider the
issue of visualization, dividing external influences
into two types. The first type induces an increase in
the energy gap material and the edge shift to the long-
wave side of the spectrum, and the second type causes
a decrease in the gap and a shift of the edge to the
short-wave side.

LONG-WAVELENGTH SHIFT
Heating a semiconductor material or an electric
field causes a decrease in the energy gap, which is
proportional to the change in material temperature or
field strength, respectively.

In the case of heating a semiconductor material
initially under normal conditions (temperature 20 °C
and atmospheric pressure ~10° Pa), the reduction of

ph-
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Puc. 1. PazHoHanpasneHHbil cO8U2z Kpasi N02A0LWeHUst NoAy-
NpOB0OHUKA 8 pe3yAbmame pa3AuYHbIX 8HEWHUX 8030elicmaull
Fig. 1. Multidirectional shift of the absorption edge of a semi-
conductor as a result of various external influences
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A, (T)= (ff 5T

3mech: (- KO3QOULIMEHT TeMIIepaTypPHOTO H3MeHe-
HUA 30HBI, AT - U3MeHeHHe TeMIIepaTyphl MaTepuaa
B pesy/bTaTe Harpesa.

J1 CTaTU4YeCKOro 3/IeKTPHUYeCKOro II0JIs1 U3MeHe-
HHe 30HBl MOKHO OLIeHHTb, HCII0/Ib3ysI COOTHOLICHHE,
IIpUBefieHHOe B pabote [3]:

W=

(eE, )2 7

AEH(EeI):_ m,

3meck: e — 3apsap 3JIeKTpoHa, E, - HaIPsyKeHHOCTh
3/IeKTPUYECKOTr0 IO, My, —3QdeKTHBHAs Macca
3JIeKTPOHa.

B pabore [4] moKa3aHO, YTO COOTHOIIEHHE, CBS-
3pIBaIOIlee HM3MeHeHHe 30HBl C HaIPSKeHHOCTBIO
II0JISI, CIPaBeljIMBO K B C/lydyae II€PeMeHHOIO 3JIeK-
TPHUUECKOIO I0/s1, B TOM YHCJIe I10/I51 CBeTOBOM BOTHBI,
IIPU YCJIIOBHUH, YTO 3Heprusi GoToHa MHOI'O MeHBIIIe
IIMPHUHBL 30HBI. B 3TOM ciy4yae H3MeHEeHHe 30HbI
CBSI3aHO C UHT@HCHBHOCTBIO CBETOBOK BOJIHBI C/IeyI0-
IIMM COOTHOIIeHHeM [3]:

AEQ(I):—[ 2len ]:1‘,

ngom,

rae I - MHTEHCUBHOCTD CBETOBOL BOJIHBI; 1 — IIOKA3a-
TeJIb IIPpEJIOMJIEHH ST MaTepHaJld.

KOPOTKOBOJIHOBbIV CABUT

YBe/lr4ueHHe IIUPHHBI 3allpelleHHON 30HBI U COBUT
Kpasl IIOIJIOIIeHMs IIOJYIPOBOAHHKOBOIO MaTepH-
ala B JJIMHHOBOJIHOBYIO CTOPOHY CIIeKTpa Habio-
JaeTcs B Clydae BO3/EHCTBHUS Ha MaTepHasl C IIONY-
[IPOBOJHMKOBBIMH CBOMCTBAMH TI'HMJPOCTATHYECKOIO
JABJeHHS, MeXaHHYeCKMMH CKUMAIIMMHA HaIps-
JKEHHSIMH U MarHUTHBIM I10JIeM; B C/lydae MexaHHh4e-
CKUX CKHMAIOIIMX HAIpsUKeHUH HM3MeHeHHe 3allpe-
IIeHHOM 30HBI NPSMO IIPOIIOPLIMOHA/IBHO BeJIMYHHe
JaB/IeHU:

AEg(P) =VP.

3mech: V - KO3GQPHUIIMEHT, CBSI3BIBAIOIIHI K3Me-
HeHHe 30HBI C BeIMUYHMHOM JaBleHUs], IPUTOKeHHOMH
K MaTepHasny, P - naBieHue.

Vi3MeHeHHe 3allpellleHHOH 30HBI II0JYIIPOBO-
JHHKA, HaXOOAIIErocs B MarHMTHOM Iione (rme B -

i1

the gap is directly proportional to the increase in
temperature:

AE, (T)= (EB) ~_EAT,

where: ( is the coefficient of temperature change of
the gap, AT is the change in the temperature of the
material as a result of heating.

For a static electric field, the gap change can be
estimated using the relation given in [3]:

1
eE,V'n )
AEQ(EBI):_ ( nf;)f ’

where: e is the electron charge, E, is the electric field
strength, Myf is the effective electron mass.

It was shown in [4] that the relation connecting the
change in the gap with the field strength is also valid in
the case of an alternating electric field, including the
field of the light wave, provided that the photon energy
is much less than the width of the gap. In this case,
the change in the gap is associated with the intensity
of the light wave by the following relation [3]:

AEH(I): _[ 2len ]i,

Mg M ¢

where I is the intensity of the light wave; n is the
refractive index of the material.

SHORT-WAVELENGTH SHIFT

An increase in the energy gap and a shift of the
absorption edge of a semiconductor material to the
long-wavelength side of the spectrum is observed
when a material with semiconductor properties
is affected by hydrostatic pressure, mechanical
compressive stresses and a magnetic field; in the case
of mechanical compressive stresses, the change in the
energy gap is directly proportional to the pressure:

AEg(P) =VP,

where: v is the coefficient associating the change in
the gap with the amount of pressure applied to the
material, P is the pressure.

The change in the semiconductor bandgap, which
is in a magnetic field (where B is the value of magnetic
induction), is described by the formula:

_ Ben
2m,

AE, (B)
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BeJIMYMHA MarHUTHOHM MHIYKILHH), OIIKCBIBAeTCs
dopmyoi:

_ Ben
2m,

AE, (B)

B obomx C1ydasX BHeIIHEero BO3,EL€I:ICTBI/ISI Ha II0J1y-
IIPOBOAHHK [OaBJI€EHHS, CKHMAIOIOIHX HaHpH)KEHI/Iﬁ
HJIM MAaIHHTHOTO II0JId 3allpellleHHas 30Ha YBE/IHMYH-
BaeTcCd, a Kpaﬁ IIOIVIOIIeHHs CMeIlaeTCsd B KOPOTKO-
BOJIHOBYIO CTOPOHY CII€KTPA.

NMPUMEPbLI BU3YAJIU3ALUN

BHELWHWUX BO3AENCTBUN

HA NONYNPOBOAHUKOBbIN MATEPUAN
Criocob BH3yanM3aLUK pe3yIbTaTa BHEIIHUX BO3JeH-
CTBUH B 0bOMX C/lydasix cIBHUIa Kpas 6asupyercs Ha
[IPOCBeUUBAHUU MaTepHajia 30HAUPYIOLIUM IIy4KOM
CBeTa C pABHOMEPHLIM pacIipefeeHHeM HHTeHCUBHO-
CTU B IIOIIepeYHOM CeYeHHH I1y4Yka U JJINHOK BOTHBI
M3 CIeKTPAIbHOM 006/IaCTH XBOCTA IIOIVIOIIEHHS.
B ciy4ae 70KaJpHOIO WKW HepaBHOMEPHOIO B IIPO-
CTpaHCTBe JII06Oro W3 IMepeuHrCIeHHBIX BBIIIE BHEII-
HHX BO3[EHCTBHUI CBETOBOM IIYYOK, IIPOHIS CKBO3b
MaTepual, IIprobpeTeT aMIUIUTYOHBIN penbed, COOT-
BETCTBYIOIIUM IIPOCTPAHCTBEHHOMY pacIipelle/leHUI0
CTelleHU BO3[eHCTBUS Ha MaTepHasl. B 3ToM ciaydae
JTMH30BOU MIH 3ePKaJbHOM OIITHUKON MOXKHO COOPMHU-
POBATh CBeTOBOE H300pakeHHe pe3yIbTaTa BHELIHETOo
BO3[ENCTBUS Ha Martepuan. O4eBHAHO, 4TO H306pa-
JKeHHUsI, IIOJy4eHHble B pe3ylbTaTe IIPOTHBOIIOIOXK-
HBIX CABUIOB Kpasi, OyoyT COOTHOCUTBCSI APYL C ApY-
TOM Kak ITI03UTHUB U HeraTHB.

Bepudukanusga mpennoKeHHOTO QH3HUUECKOTo
INPUHLMIIA BU3YIH3ALUH PAa3THUYHBIX BHEITHUX BO3-
OeMCTBUH Ha IIOMYIIPOBOAHHKOBBIN MaTepHan Obl1a
BBIIIOJIHEHA Ha 00pa3Lax apceHUIa Ta/UTHs, KOTOphle
[I0[IBEPrajIlCh TEIJIOBOMY M aKyCTH4YeCKOMY BO3/eH-
CTBUIO. DTH THIIBl BO3[EHCTBHUS BBIOPAHBI IIOTOMY,
YTO BBI3BIBAIOT PA3HOHAIIPABIEHHBIN CABUT Kpasi Cob-
CTBEHHOTO IIOTJIOLIEHHS II0TYIIPOBOSHUKOBOIO MaTe-
puana. CABUT Kpasi B I10JIe MOLIHOMN CBETOBOM BOJIHEI
monpobHo KccienoBaH B pabore [4].

JlokanbHOe TeIlIoBOe BO3[eHCTBHE Ha IIOIYIpPO-
BOJAHMKOBYIO IIJIACTUHY MPOHM3BOAUIOCH 3a CUeT
IIOIJIOLeHUS UMITy/bca u3nydeHus CO,nasepa. Ilna-
CTHHA ObUIa BBIIIOJIHEHA M3 apCeHU/IA Fa/UTHs N-THUIA
C KOHLIeHTpallheHr cBobomHBIX HocuTened 1018 cm3,
JlasepHBIE MMITYJIEC JJIUTEIBHOCTBIO 80 MKC POKYCH-
POBaJICS Ha IMOBEPXHOCTH IUIACTUHBL B MSITHO JHaMe-
TPOM IIPHMEPHO 1,5 MM M IIOITIOIA/ICS CBOOOIHBIMU
HOCHUTe/ISIMH, YTO 0becIieduBasIo JTOKAJIBHBIN HarpeB
obnmactu obpasLa C IOIEpeYHBIM Pa3MepoM, COOT-
BETCTBYIOIIUM JHaMeTpy IISITHA J1a3epHOr0 H3jyde-
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In both cases, the external influence on the
semiconductor of pressure, compressive stress or
magnetic field increases the energy gap, and the
absorption edge shifts to the short-wavelength side of
the spectrum.

EXAMPLES OF VISUALIZATION

OF EXTERNAL INFLUENCES

ON SEMICONDUCTOR MATERIAL

The method of visualizing the result of external
influences in both cases of the edge shift is based on the
transmission of the material by the probing light beam
with a uniform intensity distribution in the beam
cross section and the wavelength from the spectral
region of the absorption tail. In the case of local or non-
uniform in space of any of the external effects listed
above, a light beam passing through the material will
acquire an amplitude relief corresponding to the spatial
distribution of the degree of impact on the material. In
this case, lens or mirror optics can be used to form a
light image of the result of an external impact on the
material. It is obvious that images obtained as a result
of opposite edge shifts will be related to each other as
positive and negative.

The verification of the proposed physical principle
of visualization of various external influences on the
semiconductor material was performed on samples
of gallium arsenide, which were subjected to thermal
and acoustic effects. These types of effects are chosen
because they cause a multidirectional shift of the self-
absorption edge of the semiconductor material. The
edge shift in the field of a powerful light wave was
studied in detail in [4].

The local thermal effect on the semiconductor wafer
was made due to the absorption of a CO, laser radiation
pulse. The plate was made of n-type gallium arsenide
with a concentration of free carriers of 10 cm™. A laser
pulse with a duration of 80 pis was focused on the surface
of the plate into a spot with a diameter of about 1.5 mm
and was absorbed by free carriers, which provided
local heating of the sample area with a transverse size
corresponding to the diameter of the laser spot. At the
moment of the end of the heating laser pulse, the plate
was transilluminated by a beam of radiation from a
semiconductor pulsed laser LPI-14 with a wavelength of
905 nm, which corresponds to the edge of the intrinsic
absorption of gallium arsenide at room temperature.
The pulse duration of a semiconductor laser had a value
of ~100 ns. As a result of local heating, the absorption
edge of gallium arsenide shifted to the long-wavelength
side of the spectrum and the transmission beam,
which initially had a uniform intensity distribution
after passing through the plate, acquired a negative
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HUSI. B MOMEHT OKOHYAaHHS HarpeBalolIero Jasep-
HOTO KMIIyJIbCa IUIACTHHA IIPOCBEYMBAJIACH ITyYKOM
H3JIlyYeHHUs I[OJYIIPOBOJHHUKOBOTO HMMIIYIbCHOTO
nasepa JIIIH-14 ¢ giuHOM BOMHBI 905 HM, YTO COOT-
BETCTBYeT Kpalo COOCTBEHHOrO IIOIVIONIEHMS apce-
HUJA TUUIMS IIPU KOMHATHON TeMIlepatype. [JIH-
TeJIBHOCTh KMITY/IbCA IIOJYIIPOBOJHHUKOBOIO ja3epa
uMesia BeTUYKHY ~100 HC. B pe3ynbpTaTe JOKaJIbHOTO
HarpeBa Kpar IOIVIOMIEHUs apCeHH/A Ta/lTHsl CABH-
raJIcsl B JUIMHHOBOIHOBYIO CTOPOHY CIIeKTPa U IIPoCBe-
YHBAIONIUH [1yY0K, UCXOLHO UMEBIIHH PaBHOMEPHOE
pacrmpefieieHHe HMHTEHCHBHOCTH IIOC/IE ITPOXOKIE-
HUSI CKBO3b IUIACTHHY, IIPHOOpPeTan OTPHLATeTbHBIH
aMIUTUTYAHBIN pebed, COOTBETCTBYIOIIHUH pacIpesie-
JIeHHIO TeIlZla B obpasiie. [lasee JIMH30BBIM OOBEKTH-
BOM C QOKYCHBIM pacCTOSHHeM 50MM H300paskeHHe
JIOKQJIBHOTO HarpeBa ILIACTHHBI GOPMHPOBATIOCH Ha
Matpuuie CCD-Kameprl. 9T0 n306paskeHUe IIpefCTaB-
JIeHO Ha pHuC. 2. Puc. 2. V1306paxkeHue A0KaAbHO20 Ha2pesd

ClleflyeT OTMETHUTB, 4TO HM300pasKeHHe HarpeBa | Fig. 2. Local heating image
IIOBTOPSIeT paclipefie/leHHe MHTeHCHUBHOCTH H3/Iy4e-
Husa CO,masepa - moga TEM,.

B KauecTBe IpHMepa BU3yaTHU3aLMH Bo3nencTBHUs, || amplitude relief corresponding to the heat distribution
YBeJIMYHBAIOIIEro 3allpellleHHYI0 30HY IoiaynpoBo- || in the sample. Further, with a lens with a focal length
OHUKOBOIO MaTepHana, 6sula BelbpaHa akyctuue- || of 50 mm was used to form an image of local heating of
CKasi BOTHA, KOTOpasi MHAYLHpoBajaach myteM Bo3- || the plate on the matrix of a CCD camera (Fig. 2).
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OencTBUS Ha obpasel; cGOKYCHPOBAHHOIO KMMITY/IbCa
H3/y4eHHs HeoJHMOBOIO jla3epa IIHUTeIbHOCTBIO 12
HAaHOCeKYHJ,. MMIIy/IbC YaCTUYHO IIOIJIOIAJICS MaTe-
puasom 06paslia, YTO BBI3BIBAJIO FeHEPALIMIO0 aKyCTH-
yecKkol BOJHBI. C BpeMeHHOI 33a[JepP>KKOH B HECKOJIBKO
MHKPOCeKYH/I IUTACTHHA IIPOCBeYHBa/Iach HMITYJIbCOM
30HAUPYIOIIEro H3Ay4eHHs C MapaMeTpaMH, HAeH-
THUYHBIMH C/1y4al0 BHU3ya/IM3aLIMU TeIlJIOBOTO BO3JeH-
cTBUS. B 0671aCTH MaKCMMYyMOB aKyCTHYeCKO BOJTHBI
MaTepHaa IJIACTUHB CKHMAJCHd, 4YTO IIPHBOSHIIO
K COBUIY Kpas IOIVIOIIEeHUS B KOPOTKOBOJIHOBYIO CTO-
POHY CIIeKTpa U yMeHbIIIeHHIO [10IJIOIeHH s Ha A/INHe
BOJIHBI IPOCBEYHBAOIIET0 U3/1y4eHHUsI, KOTOpoe I10C/Ie
IIPOXOKAEHMSI CKBO3b IIIACTHHY IIPHOOpeTaso I0JIo-
SKUTeJIbHBIM aMIUIMTYIOHBIN penbed. Kak U B Ipessl-
AylLieM caydae, H306paskeHHe BO3/eHCTBUS GOPMHUPO-
BaJIOCh JIMH30BBIM OOBEKTHBOM K PErHCTPHPOBATIOCH
CCD xamepori. Ha puc. 3 npencraBieHo H300paskeHHe
aKyCTU4eCKOH BOTHBI, HHIYLIMPOBAHHOMU B IIJIaCTHHE
M3 apceHHa TajUIksl UMIIYIbCOM H3/1y4eHHs Heoou-
MOBOTO jIa3epa.

Kak 1 05KHJanoCch, M300paskeHHs TeIVIOBOTO U aKy-
CTHYeCKOI0 BO3MEeMCTBHM COOTHOCATCS KaK HeraTHUB
U IIO3UTHUB, UTO OOBSCHSETCS pa3sHOHAIIPaBIE€HHBIM
COBUIOM Kpasi COGCTBEHHOTIO IIOIVIONeHH ST MaTepraia
obpasma.

3AK/TIOYEHUE

CaBur Kkpasi COBCTBEHHOIO IIOIJIOIIeHMsI MaTepHala,
HMMeIOIIEero 3alpelieHHyIo 30Hy, [103BOJISeT BU3yalu-
3MPOBaTh pa3/IHUHbIe 10 CBOel GHU3UUIeCKOM IIPUpoe
BHeIIHHe BO3[eHCTBHS Ha MaTepHal, 4TO JaeT BO3-
MOXKHOCTh PeIIMTb BeChbMa INMPOKHUM CIIeKTP TeXHH-
YeCKHX 3aJad4.

Taxk, IpUMEHHUTENLHO K JIa3epHOM TeXHHUKE Ha
OCHOBE BH3ya/IM3allMH TEIIJIOBOIO IO, WHIYIIM-
POBAaHHOIO Ja3epHBIM H3/y4eHHeM, IIPOXOASLIHUM
CKBO3b IUIACTHHY II0/IyIIPOBOJHMKOBOIO MaTepHuasa,
Hanpumep, GaAs, ZnSe WK ZnS, MOXKHO CO31aTh IIPO-
XONHBle H3MEPUTEeNH MOIIHOCTH M 3HEPTHU Jjia3ep-
HOTO M3/Iy4eHHS BBICOKOM HHTEHCHUBHOCTH. Taxke
MOXKHO peajr30BaTh OINTHYECKHE NATYMKH pas3/iny-
HBIX QU3MYECKUX BeJIMYHH. Hampumep, ImpHMeHSs
OIITOBOJIOKOHHYIO [JOCTaBKY IIPOCBEUHBAIOIIETO K3/IY-
YeHHUS K MajopasMepHOMY IIOJYIIPOBOJHHKOBOMY
YyBCTBUTEJIBHOMY 3JIeMEHTY, MOXKHO [e/1aTh OIITOBO-
JIOKOHHBIe TBepAOTe/IbHble JATYMKHU JABJIeHUS, TeM-
[IepaTyphl, a TAaKKe HAPSIKeHHOCTH 371eKTPUYECKOro
M MaTHHTHOIO I10/IeH.

Bu3yanusanus BHENIHHX BO3JEHUCTBUH MOXKeT
OBITH IPUMeHeHa JIJIs1 U3MepeHHs QHU3HUUecKUX Mapa-
METpPOB IIOJIYIIPOBOAHHKOBEIX MaTepHaioB. Peru-
CTPHPYS II0C/IeI0OBATE/IBHO BO BpeMeHHU H300paskeHHsI
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Puc. 3. M306paskeHue akycmu4eckol 80AHbI
Fig. 3. Acoustic wave image

It should be noted that the heating image repeats the
distribution of the intensity of the CO,-laser radiation -
the TEM,; mode.

As an example of visualization of the impact,
increasing the area of the semiconductor material,
an acoustic wave was chosen, which was induced by
exposing the sample to a focused pulse of a neodymium
laser with a duration of 12 nanoseconds. The pulse
was partially absorbed by the sample material, which
caused the generation of an acoustic wave. With a delay
of several microseconds, the plate was transilluminated
by a probe radiation pulse with parameters identical to
the case of visualization of thermal exposure. In the
region of the maxima of the acoustic wave, the plate
material was compressed, which led to the shift of the
absorption edge to the short-wave side of the spectrum
and a decrease in absorption at the wavelength of the
transmission radiation, which after passing through
the plate acquired a positive amplitude relief. As in the
previous case, the image of the impact was formed by
a lens and recorded with a CCD camera. Fig. 3 shows
an image of an acoustic wave induced in a gallium
arsenide plate by a pulse of a neodymium laser.

As expected, the images of thermal and acoustic
effects are correlated as negative and positive, which
is explained by the multidirectional shift of the edge
of the intrinsic absorption of the sample material.

CONCLUSION
Shifting the edges of the intrinsic absorption of a
material that has an energy gap allows visualization of
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Tell/la MM aKyCTH4YeCKOH BOJHBI, PacIpOCTPaHsIoO-
IIMXCSL B MaTepHajle, MOXKHO OIIpefe/IsTh TeIlJIOBble
M aKyCTH4YeCcKHe IIapaMeTphl MaTepraa: Ko3pPHUIiy-
eHT TeIIOIPOBOAHOCTH MK CKOPOCTb BOJIHBI COOT-
BeTCTBEHHO. Kpome 3TOro, meToJ BH3yalH3aLIUMH
MOXKET OBITH IT0JIe3eH IJISI UCCIeNOBAHUS HAIPSKeH-
HOI'O COCTOSIHHMS IIOJIYIIPOBOAHHKOBBIX MAaTepHUasIoB,
HallpUMep, 3JIeKTPOHHBIX YHIIOB B IIpollecceé HX
paboTsl.

TakuM 06pa3oM, IPeATo>KeHHBIN MeTOJ BH3YaJIH-
3allMM Pa3/MYHBIX BHEIIHHX BO3/EHCTBUM Ha Mare-
PHAIBL C IIONYIIPOBOSHUKOBBIMU CBOKCTBAMU MOXKET
OBITH BechbMa I107I€3€H Ha IIPAKTHUKe.
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various external effects on the material, which makes
it possible to solve a very wide range of technical
problems.

Thus, with reference to laser technology, based on the
visualization of a thermal field induced by laser radiation
passing through a plate of a semiconductor material,
such as GaAs, ZnSe or ZnS, you can create pass-through
meters of high-intensity laser energy. Itis also possible to
realize optical sensors of various physical quantities. Also,
applying fiber-optic delivery of translucent radiation to a
small-sized semiconductor sensitive element, you can
make fiber-optic solid-state pressure, temperature, and
electric and magnetic fields.

Visualization of external influences can be applied
to measure the physical parameters of semiconductor
materials. By successively recording the images of
heat or acoustic wave propagating in the material,
it is possible to determine the thermal and acoustic
parameters of the material: thermal conductivity
coefficient or wave velocity, respectively. Furthermore,
the imaging method can be useful for studying the
stress state of semiconductor materials, e. g., electronic
chips in the course of their work.

Thus, the proposed method of visualization of various
external influences on materials with semiconductor
properties can be very useful in practice.
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