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Abstract 
A laser b~:uu is fre•1uen~ly used to characterise the optical response of GaAs 

d~\'ices. lt eau alt~r the local temperature and, in order to assess the magnitude 
ol this problem, we have solved the steady-state heat equation with the aid 
of Kirc!tlto!f's transformation. We find that the most coupled variable to any 
tt·tup<·rawre 11tcn'ase is the power of the laser beam and conclude that, for low 
pnwcr iL!)plicatioHs, heo.tiu~ elfccts c.ln I.Je considered negligible. 

Introduction 

Gallinlll .-\rs<"llldl' (C aAs} has many important optoelectronic applications. A useful 
Hlf'lhud in dmral'lerihilll( its optical response is with the aid of a. scanning laser beam, 
wl11ch mm·p~ :douv: lh<' surface of a GaAs device or chip. This technique, for example, 
has lw<'ll applil'd to thm-m;tl emission measurements [1} evaluation of lattice damage 
iu S<'llliconductors {2\, or to slurly new photogain mechanisms in GaAs MESFETs (3}. 
C:»H~Pqllt>tnly, il•, impmlaul to t!etermine if any significant local temperature increase 
urt: nr, in t lw Ca,\s substrate, due to laser-induced heating. Only a few degrees increase 
111 t <'nqwraturc t.:rNl.t~s a signillcaul shift in measured electrical parameters. 

Our 11\ain objt•cli\'1' i~ to determine the extreme value of steady-state local tem­
pt>rature increase of a GaAs chip, when a focused laser beam impinges its surface (see 
FiK. I ). This pa pt!l' olfcrs a worst-case analysis, in which the scanning CW laser beam 
'"· iu fan . m nsid<'n •d :;ta.tionary. 

\\'•• ass111M th<ll pun• CaAs b used. For the worst case, we assume perfect trans­
IIIIS"l"ll uf pilolons through any pa.ssivation layers and zero reflection at the surface 
la.''"n; of tlw ,·hip. Till' physit:al parameters {4 ] are shown in Table 1. The indicated 
ai.st orption rodli<:iPnt, n. corn•sporHb to a 670 nm wavelength of the laser beam. The 
Ca.\s sul,stralt· h<L~ a. rad ius. /J. of 1 cm, and a depth, h, of 150 ~m. The power of 

r- L'lirt' , lhw/IYW! ,f, ,!imw1 ;/w cliwc11swns uf th~ laser beam and the wufer. 



,. (.lktC K ) 325 
' I' \k);m-•) 5317.4 
j r,...11 (K ) 1513 

" \Ill - ) Jl.l X IQ" 

l k., ( \\'m r; - ) 57.95 

Ta!JlP 1: GaAs physu:al parameters. 

1 ht• lasl'r beatu was 1.-t 11\\' with a spot radius of 1 wn, as described in our previous 
work ::3j. Th,• ambieut tt' tll pt•rature is T0 =300 K. 

The di ll't•n• nti;d stE'atly-stale heat equation was solved with the aid of Kirchhoff's 
l'mn,fonuatttm [5) and tuodifiPd 13essel functions. Different boundary conditions (b.c.'s) 
ami two possiblP power dissipation densities were considered. A solution for practical 
dinH'usions wa.~ obtaitll'd. 

Theory 

The s teady-state heat equation and Kirchhoff's transformation. 

Takin~C, into acc·onnt t h<' d!'peudt>nce of the semiconductor thermal conductivity k 
1111 t ht• tt•nqH•raturt> T, t hP nunliucar steady-state heat equation to be solved is: 

V (k(T)VT) = -g(z) (1) 

()11 thl' top uf tlu• rhip th<'re is nrgligible heat loss to the air, so we assume an 
utstdillt•d h., .. On tht• •llh••r h<utd , the bottom of the chip acts as a good enough heat 
~i11k . thert>fm<' wl' a.%11IIll' it to !JP at constant room temperature. For the edge of the 
<'hip, \\'f' disti ug11ish two tlilferc>nt b.c.'s: (l) constant temperature, for a good heat sink, 
and (:!) an insulated b.r. Then the b.c. 's of the heat equation are: 

(a) T = T" = 300 K for z =h. 
(h) DTja::·=o forz=O. 
(c.1) T=T0 for r=b. 
(c.2) aTjDr = 0 for r =b. 

f~irdtlllllf's Lransfonuat inn defines a transformed temperature U as: 

U(T) = {T k(T')/k.dT' 
lro (2) 

wll!'rt' /;,. = q 1~). Th" l~irf'hhoff's trausfonuation converts the nonlinear heat equation 
into a lit~t•ar " '"'·with lint•ar b.t·.'s [G: . Our to the fact that heat transfer is radial and 
"·''tllllll'l rwal. tlw llP\1' t•qnat io11 iu cyliHt..lrical t'oort.!inates and the associatet..l be's are: 

..:''-

iPC 1 D/J IPU 
i)--:;- .,.---a + -a ·· = -g· r• r 1· ::• 

(<L) u = n 
(b) DL'tiJ: = ll 
(c. !) L' = () 
•·.:.!) iJl' iJr = () 

for z =h. 
for :: = 0. 
for r =b. 
for r =b. 

(3) 

!' ·!,.. IL•t~>foorttll'd P"""''r dPnsitY. \V~ considered two cases (appendix 1): 



I) \ 'unstant dissipated pvwt>r density, Y1: we consider the average power in the 
.·yhrult•r hmitt>d hy the liJ.St•r beam and the substrate (other approxitnations were at. 
to•mpto'<l wtth tlw dt•pth of lht• h<'al cylinder e<1ual to 1/a, and with the average of g 
cor •J = •J( l / n l iu tihtt cyliru.ll'r. bnt less reali~tic predictions for the temperature were 
otht.titlf'd). In thi~ t':\>t' £=0 and G = Pf(-r.a2hk.), then: 

(4) 

.\lt..r thl' snhtttou ror t ; ha,; Ut!<)n obtained, the temperature can be determined 
wtr it 1 h,• app t npriatt• 111\'Pr:.t• tr;Uisformatinn (appendix 2). 

Tht• traw;formed steady-state heat equation solutions. 

\'1111 l'lltfltt(nf I IIJito/1 

l'co ul.t.tin tl.•• !I•HtJ!Pr.ttnrt• m the CaA.s chip outside the laser beam region, we 
Juu ' t suh·•· tlw lutmoi:Pnt'On:-. lu•al t•quatiou (i.e. g· = 0). Let us name the transformed 
lt'tt lpt•Jaturo•. 1',. Tilt' solutJeon rs ;tchit>ved by using the separation of variables method, 
1 ,. I .!r.;:) = U ·j ll.,{r ) 1\mmtlt'pi'JHI!'nt orclinary differential equations result: 

iY Ao/EJ:.1
- p'l A.= 0 

r~ ( J' /Jufi)r·2 ' - r(DD.j {)r ) - r1p1 8 0 = 0 

(G) 
(7) 

\\ lW! o• iJ~ 1,_ ol JH I~I (l H' I 1111,!<111' ( -p1 Wa.'> fl'jecll"d because it does OOt satisfy the b.C.'s). 
t: ,bu" u.r .. ,.,.,.,u,r hx.·~ (<t) m1d lh t},p solution for A0 is: 

:1., = F C<~<; (p,.;:) 

Jl,,: (:!tl- 1);;/ :!lt:·" = 1,2,3 .... 

(8) 
(9) 

auol f-' ,, a•·oorht:u .t. t IH 1111• ntltr•r hand. llw solmion for D. depends on whether b.c. 
(o .• 1111 ( <' :!J ts _,,•lo·olo•tl. Fur !,(•. (1'.1} (Do= D.t): 

a.,,,. = c.,,.J.,,.(r) 
/.1,. ( r ) = f.(p,.r)l\ ... (p,.b)- l0 (p,.b)K.(p,.r) 

(10) 
(11) 

wl.o•1o• ( · d,, olll' li ol<'IH'IId!•lll l'ltll~t;l!ll~, f., is the lliO<(ificd !3esseJ function Of the first 
k11 .. 1 .• ud /, ., ,, oof • !t~• 11t11d kind (urder v=O). For h.c. (c.2) the solution, Bo1o is: 

H"'" = Co·Ju/.·z,.(r) 
/.".' r; = I ,(p,.r}l\ t! t' .. b)- lr(p,.b)K.(p,.r) 

(12) 

(13) 

\'.!.• , ,. I u.o: /t .uo• : lw , .ttuo• mw!i!it•d 13o:wl functious mentioned above but w1th 
Hdr I i ....... l tl ~d ( • . .. , .tu ,, dl'fH 'Hdt>H1 CfJit:"~LUH:,. 

I j' ,, j, I • .. , ••••••• • , . ' .J:Ifo•n·!lt ;;!ubal >oluti.m~ for u. depending on \\'hich of thl• 
~ ,.J,. · ,. I···· '• ,. _, '. . .n.d , c.:! we have respectively (l = 1, 2): 



"" 
U0 , = L D ... J.,,(r) COS (PnZ) (14) 

u~l 

whrre o ... art> n dPpl'ndcnl co nstants, to be determined for every (c) b.c. 

Radwted rrywn 
The sohniou C,, fur the re~,riou under the laser beam, can be obtained as the sum 

of l11P. hom<lgenewus Pquation solution, Uth, and a particular solution Utp· Then Ut = 
U11, - Ulp· TJu• homogcuP.Ous solution is solved again using the separation of variables 
ml.'thod: Uu, = Au,(z}Bih (r) . For Ath we have the same b.c. as for the non-radiated 
rl'gion. ThPn Au, (.:-, 11) = .411.., =A.,, for Eqn. 8. For B1h the solution is: 

(15) 

Du~ to K. (p .. 1·) diwq~iug when r -t 0, then Fn must be equal to 0. Therefore we have 
for the glohal hcnnoJ!;eneous solution: 

00 

ulh· = :L c •. .r.(p .. r) cos (p,z) (16) 
n=:t 

wherP C ... (t = 1. 2) are constants to be determined and dependent on the (c) b.c.'s. 
If wt· t!xpn·ss the transformed d issip<tted power density g• as: 

"" 
g• (z) = :Lg,cos(p,.z) (17) 

n=l 

from E ttrL :~ w~ can ul,tain the particular solution U1p as: 

00 
9n 

U1p = L 2 cos (pnz) 
u= l Pn 

(18) 

w .. ha\' '" fur t lll' ~l ol.;d solu tion in the region exposed to the laser beam, u;, = u/hi+U,p: 

:» On 
Uti = J;IC,.J.(p,.r) + P:, ) cos (p,.z) (19) 

when' t= l.:lt:orn•spu nds with the selected (c) b.c.'s. 

( ',,,, D,., . rmd 1{11 constants 
Tht• li'IIIJH'ra tun• 1/liiSt ue CO!Ilinuous at the sides of the cylinder limited by the 

l:~o-;ror lit •;w 1. \\',• <tS~\IIIw that I he lcmp('rature does not change abruptly at this surface. 
TIJ('Il r :lllcl IJT 01 fur r = ll :ue Colll inuous. These condit ions for the transformed 

u •. = t:h for r = a; i = l, 2 

iJL.,/Dr ""DL'1,/Dr for r =a; i = 1, 2 

(20) 

(21 ) 

raki!ll.( Ill I (I ;uT!>lllll tlw :-Ju <J iJieol f3,•ssel functions properties [7) We find that for the 
11 ll l:l~jll t!. 1 1 l I' 1 



c,,,= 11.-11. ,p.o:l.· •. ;-•l+l.(y.•)Ko\t:•!J 
l,(p.•) 

D,,.= "~·'·"'·' folPo6) 

I.,,. = g,.f {p![I 1 (p,.o)K.{p,,a) -r I.(p,.a)K1 {p,.n))} 

awl p., :1.~ "''"' dl'lint~l in Eqn. 9. For the ca.:.e of thl' insulated b.c. (c.2): 

C _ h,,[lo (p.u)kolp.•l-lo(p.OIK!(p0 o)) 
2n - lo{p.O) 

D _ lloolo(p.u) 
~ .. - l,(p.~) 

(22) 

(23) 

{24) 

(25) 

(26) 

\\'o• knuw t hnl 1 he tmnsformeu power dissipation deusity is given by g' from Eqn. 17: 

00 

''" = c~·-(· = 2:: vm cos (v,,z) 
n..,l 

(27) 

rur snh·in~ !loo Eqn.27 •~ multiplied by co~[p,..:) ami integrated with respect to the 
.!•·pt h. :, III'IWt'l'll ll ;uul lt, t),. gives: 

(28) 

Hl~ults ami Disrussiun 

Solution for practical dimensions. 

lu prru twnl C:l..-;('5 \\'o' b.we tint the radius :'If th~ GaAs dnp, b, can be ten thousand 
Um•:. the rrulius of tlw J~.,r beam a (b > a). .-\ rorrPrt solution can be obtained 
L'>ltllllllll~ th.ll !t•anru·rature h~ asymptottc bt>ha\-iour (b-+ oo). Then (i}: 

(29) 

'I la• 11 l>otlt :.oluth>lls fur tl1e (r} h. c.'s are the same: 

{ 

!::,.,{~- h., .. K ,{p.,n) /0 (p,,r)J cos{pn.:) 

1. = if r ~ u 
~ L::-,.1 h.,.Ku(TJ,.r)I1{p,..t1) cos(p,.:) 

if r > u 

(30) 

wi1 h /'•• and lt,.. •h·liH•·cl 111 Eqrt. !) and Equ. 2~. 
1'11•• ~ .. Ja rti .. n~ f111 till' tra!t~fnrrm.'ll tcmperatun• in all ca.~l'S mentioned ~hove an' 

111 1 '''11" • Jl' ·'''TII'> 1 hal l'Uil\'I'TJ!:t' In order to compute Lhe result, we must clause the 
,,.., ''"-"•" ,. un111l.•· t ''' ,..u·v~ ,,r tho> serit>S for .1 .:orrrrl prf't.liction 

'l'l'lll(>l'ralur~ uistribution. 

I hr o'XJIIHII'I:tml (lo'.lf'r tL .. ,IJ .tti•Hl .fPIJSit\' '};. j(:L\'t' rJSI' to :l more rP.alistic temperature 
l·•r ··wl• uo · \\'l:h •!.· tr.lr.lllll'll·r:;. '"" wal! \,.• •·xplnlm·d in nt'xt sl'Ction For this cast' wf' 

1 "' .u F I! '.! •!t•• '•'IIIJI•·r •. na.- olbtnL1111uu in the ;;ul>strl\te lln<ler tbe 1:~..-.er bt>~'lrn. 



., • _,.. •• • • •• • •t"P._ I • ''"''"• .. ! ....... / .. , 
•••. ;";"';' ..• ~· .... : .1! 

I ' IJ.\1111 ' <".m ·I <till /r mp•·•·uturc cor1tuurs w1tl1 a qu1ver plot of the temperature gradient 
f•n !I; rl '~l , I' H' n=3l.lx 105 m- 1

, a= lJWI, b = 1 cm, 11 = 150 IJ.m). 

f.,r Jlla<'lwal d11uo•u~iuw. (~et> Tab. 1}. Thl' \Wticallincs lndicntc the rrglon where the 
l;~o~··• l·o·au• 1s ''l'l'il••d Sulid lines arc constant tcmpcrnturc contours. The ma.ximum 
••'IIIJ't'r.,tur•· •~ prndnnd .Lt the top of th1• :.uli~trntc and the middle of the beam, 
I'""' = / (U,lJ) - .illll.tl h 1.;. ie. only a G ml\ 111crea.<.P over room temperature 

I iH' tr'IIIJII'rlltllll' :,:Jadu·ut ha.~ Lt>eu also reprcsemed in Fig. 2. This show& lhnl the 
l•'llll"'roLI'Jr•• ol·~·n·:l_..,., •tu:rkh· in hoti.J dirt-ctiuns, radially and with the depth. In fact, 
uuh· fur n l 11111 .lt-ptlo. • r from tlw midtllt• of the laser at the top of the substrate. 
11 ... uut•·.~ow nf tho• tomp••ratnre O\'l'r T., is rcJuced to 1 mK . Then all the healins is 
pr.~• tu.&llr tl tlu· Mt:-f.tro•. ;uullocat•-..1 un.tM' the l;t.:,rr beam. 

Tt•utpt•ratun! dcpPndcncc wilh the parameters. 

ltt ut! I olM'!>, ·"' Jt•lo·r Ill llt<LXll!lll!ll lt'l!l)ll'rature at (0,01. \Ve can St'e in Fig. 3 the 
l•·w:,.•r.Ltur•• clt•J,..,.,(,·an· 'nth tlu• h.,..'r beam rillliu:. When the radius i:. reduced, the 
to·m:••·r.,lurr• ttu·n·.~~··" li;:ht!y. alld is hi.;hl'r for the exponential power density ease. 
Tlas i~ thw tu t t ... l'"''''r Jbsipnti11u uensitr increase when the rod ius of the laser is 
~t·ohuo·d ..... t tlo•·Jt hidtt·r h'Hlp<>ralurc:. arc expected. In spite of that, the temperature 
IIJI'rt•aw •' llt'~h'"tlllt· i .. r tht• raditt:; range or intl'rCSt The worst rase was ror a=O.l Jl1D 
wut • . mn.o::l\. 

• I .... , 
... , 
... 

- ··---~ 

___ ___.. 

·-... --'· .- "" . 
I ,,. ro• • J • t• 111 m:ur• J,;;• ~rJc •u., !ullt :J .. rnditi.! of tltt• /usc;r bcullt, a (P = 1. 1 111\', 

: • 1 r • = ·u 1, = ~ ·,o 1, .. , 1 



········-------

~ --·- ·- ·- ·- ·- -a....,, .. _ .. h ... , 

Fi~:;un• .t: Tt·mpt•ndurr dcpt•lldence with the depth of the substrate h, for Y2· (P=l..4 
ltlr. n=3l.l x Ul5 m- 1, a= 1 flllt, b = 1 cm). 

The cast> nf tiH• tempo?rature depcBdeBce with the substrate thickness was different 
for the two pO\\'I'f dissipation densities considered. In Fig. 4 we can see the dcpen­
d(•tH'P for tht> CXpOII('ntial dPnsity, g; . The higher the thickne!;S or the substrate, the 
hidtl'f thP li'IIIJl"ratun•. This is due to more aLsorbed photons, contributing to the 
lPtllp<'ratun• inn<'<L~<'. \\'h<'n the thickness is high enough, practically all photons have 
ho•o•n al,~orl>t•d " nd tlll'n tiu• temperature tends to Le constant. Due to photons being 
;tb~url>t•d in a wrv shun d(•JHh (G3% nf them arc allsorbed within a depth of l/a=0.32 
/1111 ). !Ill' tl'lltp<'ratlln' dt>JH'IIdt•Ht't' witlt the thicknrss can be neglected. The maximum 
tPmpo•rat un· wa~ oH I\' 0.:! m!O: hi~iwr tha11 for practical dimensions (h = 150 J.Lm) -
ht•IJce tlu· pfl't•rt o f thi('kl'l' h <·an l>e ig11orcd at low laser powers. 

\\'hl'n tht · po\\'t'r dissipated was assumed consl<ult, using !Ji, the temperature unre­
;tlistimlly d<' l'l'<'ll-'1'-', a~ the tl1il'kll<'SS is increas('d - this is because the power is evenly 
dislrilmtl'd 0\'Pr <L ~;rl'ater volnm<'. 

The most i1 11 porl:mt lf'lltpPr:ttme di'JH'Ildi'HCC is wi th the power. As the transformed 
tt'llli><'I':Llnn• (; is propmtional to tlte power, the temperature dependence is indepen­
dt•ltl of llw po\\'t·r dt•nsity st•h·•·Led. We can see iu Fig. 5 that when the power of the 
I as<'!' i><'all> is l•·"s 1 ban l m\\' t here i5 littll! increase in the temperature (T ..... :z:=300.1 
1.:1. bnt fur hi~hl'l' po\\'<'f tlll'rc is a quadratic temperature dependence (the linear ap-

~~ -·=--·---·--11 .. ···-- l j ........ ··-- ) I 

:.....: :_...: ·.....:_1 
• • •fl ... 

I i~ ttr .. . -.: r. "''" /lllun· ./qJt '"'' 1!1'1 U'ttl! '"" /I!IU't•r of the laser beam.(a=Jl.l X 105 m- •' 
'· = I Ill". '·-=: , .. , .. h - 1-'iO !Utll 



proximation ran lw assumed only for low power). The model predicts melting of the 
Ca:'\.~ substrate for a power of around 4 \V. 

In conclusion, an asymptotic ueha,·iour for the temperature (b -too), for practical 
diutPnsions, ('an hP assumrtl. Only the power dissipation density with exponential de­
pt>ndt>uce could adcquatt>ly explain the temperature dependence with all the physical 
parameters studied. v\'e hm·e shown that the only parameter that affects the tempera­
lure. for practical parameters, is the output power of the laser beam. Worst-case CW 
laser power must be less than 0.1 m \V to avoid a shift in the value measured electrical 
paramett>rs. dui' to ht>ating. 

Appendix 1: Exponential power dissipation density. 
In general , the power dissipat ion varies proportionally with e-az, where z is the depth in the 
material. Then y(z) = Ac-az, A being a constant to determine. By integrating g(z) over the 
emin• ,·olnme of the cylinder which the laser beam is striking, and equating this integral to 
t lu~ total powt'r of the la..'<'r beam: 

rh (2" ra 
P = lo Jo Jo g(z)rdrdOdz 

then P = (A7Tu~/n)[l- e- ""J. Due to h » 1/a ~ e-ah « 1, then A~ aPftra2 • The power 
dissipation can IH" approxi1natcd as: 

n(;;) ~ nP e-uz ~ g' ~ aP e-az 
:J ~ 2 WGlko 

On tltt' otln•r hand: 

Appendix 2: Conversion of Kirchhoff's variable U. 
The I<irdtltuff trausfonuation was detiued as in Eqn. 2, where k(T) is the thermal conduc­
ti,•ity nf C:aAs: I.:(T) =- fJ4A x l0:1r-t.< [4]. 1.:. = k(T0 ). Then integrating and solving forT: 

T _ 300 
- ( 1-(U/ 1500))5 (I<) 
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