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LASER DAMAG® IN 8 TO 14-MICRON MERCURY-CADMIUM-
TELLURIDE PHOTOVOLTAIC DETECTOR MATERIAL

INTRODUCTION

Mercury-cadmium tellurice photovoitaic 1PV} detectors are of perticuiar importance
for detection of radiation in the 8-to 14-um scectral region, where high responsivity and
very fast respoase times are required. In this repor: 10.6-pm laser damage in HgCdTe is
studied both experimentalis and theoreticzliy. Damage thresholds of H:CdTe crystals,
sumilar 16 geometry to those uskd for photovoltaic detectors, were measired, ard their de-
pendenice on uradiation time was studied. A thermel morddel was used to predict dumage
thresholds for HgggCdg , Fe P." detectors, and these results are compared *o experimental
values. Effects of lzser beam Jdtameter and detector thermal configuration are discussed.
Damzge threshelds for this detecter are compered to those for other & to 14-um detectors.

In what follows we assume that the matenal properties a2re incependent >f temperature
and may be treated as constants. The detector is assumed to be initi.ly at 2 reference tem-
perature T, ;. Nonumezr effects as well 1s vanations in maternial groperties with optical flux
aze neglected. It 1s assumed that no phase change is required for juncu:on degred. tion and that
the dameage threshold refers to the rrediation level required to rrise the temperatare of the
cetector surface to some cniical temperaiure Ty, . The absorbed energy either raises the tem-
perature of the absorbing volume or is conducted away ioward the heat sink.

THEORY

In a previous work [1] it was concluded that a thermal model for 2 semi-infinite solic
mradiated by a Gaussian F 2am can be used to prodict damage thresholds for photovoltaic
detectors a. :ong as the beam diameter is small compansi to both detector thickness and
width. A cross-sectional view of a typicat photovoltzic detector (Fig. 1) illustrates Gaussian beam
mradiat.un of a detector with finite thickness 2nd samule 2rea. The power density profile
of 2 Gaussian beam 1s given by P(r) - Per2&? | where P is the flux (W.cm?2) at the center of
the beam. The temperature profile in a semi-infinite matenial with an infinite zbsorptioi:
coefficient, heated at the surface by this Gaussian beam, s [2]

i -RPa® [ di £,z 2 -
ATir 2 7) =, )Pa[ exp ;-ZT___’__‘_ (D
F‘C\‘[;; 0 Viske + a2) L . gkt + 62

wiress R 2 the reflectiviey, p is the density . ¢ is the specific heat, k is the thermal diffusivity.
and 7 s the wrad:ation tune. The temperature change at ihe surface of the materizl (z = O
and at :he center of the beam (r = 0) s

Manuscript submitted November 28, 1975,
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Equation (2) can be solved to give lhe power dens:i* Py and energy density Ey = Py7 re-
quired to change the temperzature of the surface by 17, = Ty - T,y However, since
actuai detectors have a finite absorption ccefficient, £q. (2) is valid caly at long times,
when the heat diffuses distances much greater than the absortion depth 1. This mode!

el NN A R S LR IR b g bk b

- was modified in Ref. 1 to take into account the finite 2bsorption coefficient. It was shown
- that xn 2pproximaie exoression fo Eg is given by

= Lo = T i1+ 5, H
.3 {-Ryx § . 4;_:,\1;2§ (3) :
i 2 ten™* {'_2" { H
- a2/ _}
Tne first term n this expression is dominant at short times, when thermal corduction s :
K not important and the temperature change is delerminad by the depth over vhich the heat
1s absorbed. The second term is dominant at loag times, when the heat-difiision depth ;
3 \ &t 1s much greater than the absorption depth 1.a. :
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For detectors whose thickness is less than or equai to the beam diameter, Zq. (3} may
resuit in considerzble erroz. Fo: such detectors a mor2 elzborate thermel modei, tak:.ng nto
account both laser beam diameter and relevant detxis of detector goometry, Is sequired fov
an accurate theoretical determinztion of damage threshiclds. In the present work we apply
sich a model, based on 2 numernical tecknique, to HgCdTe PV detectors. Damage thresholds
are calculzted for two boam Jdizmeters, one less then and one grezier then the detector thick-
ness. These results illustrate the importance of the more sophisticated pumerical model in
predicting damage threshclds for such experimental conditions.

There are several methods for numencally evaluating transient temperzture distributions
in heated materizls. Among these are finite-difference methods, variztional methods, and
finite element methods. For our work we chose 2 finite-element method developed by Tor-
vik [3] which differs from the more wzditional finite-element methods [n the technique used
for evaluation. The approach taken was to divide the region of interest into 2 large number
of finite segments and tc perform 2 heat balznce on each. Por the same number of elements
this method is expected 0 De 'ess accurate than the traditional finite-eliement method, bt it
ts expected to be mcre prectical for many aspecis of thermal modeling in detectors. The 2¢-
curzcy of this method was examined by Torvik. For our calculations pericdic checks on the
zcGmecy were performed by companng the results of the computer program with the results
cf exact closed-form solutions. The efement sizes were chosen to be sufficieatly small that
the difference between the numenical model and the closed-form solutions was always lest
than 3 percent.

The geometry considered 1s 2 crculer pizte or disk consisting of two slzbs having different
material properties. These slabs correspond to the detector and substrate. The leser fiux
is incident on the front suriace and is zbsorbed exponentizily below the suzfzce. The boun-
dary cendiiions on the edges and rear suxface are chosen to correspond to the experimental
environment of the detector. The thickness of the disk & is divided into Np isvess of thick-
ness AZ. The radius is divicea into N segments of width AR. It is assumed that the mate-
rzzl is heated by 2n axially symmetnic flux. Hence no azimuthal subdivision is required.

The disk is divided into N X Ny elements each having the form of 2 solid annulus.
"he rate of hezat flow through the ; ; element is given by the product of the conductivity
K, ,. the area of the interface. and the temperature gredient in the direction of heat flow.
For example, the rate at which hezt fiows through 2n arez A. from the i, j element, due
to 2 iemperature gradient in the z direction, is

T;; -T,
= L t+1.J (4)
Q‘u K‘:.:A‘u[— AZ . ] '

.7

where T, , 2nd Tu; ; are the temperatures of the i, j and i+1,; elements respecuively. The
rete of radial heat flow Qp, , is defined anzlogously. Heat can also enter the element by
zbsorption from external sources (e. g, optical rediation). We must 2dd to the neat-balance
equalion an addiional term P, ; (watts) which 1s th2 rate at which heat t5 2dded extemally
to tne 1, J element. It 1s assumed that phase changes or internai reactions do not occur. The
net rete of energy flow in the { j element is depicted schematically in Fig. 2.
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Fiz 2 - Schematic ~spresentation of
Lo~ <743 5&3 27 the ﬁ m:
The net flow energy AQ; ; is given by
AQ:.J‘ = P:_‘. + QR:_;-[ + QZ‘_

and the temperature change &7 is

where At s the time incrernent,t;:g is the speciiic heat, and m, , is tae mass. Tie preceding

heat balarce »s performed repeatedly using z small time increment At until the sum of the
ume increments equals the time of interest. Al each time step the temperzture change AT,
n the ty 2lement is 2dded to the previous temperature T, .. The temperature for an uradiz-
tion w2 ¢ = nAt (n time intervals) can be written

19

T‘-’(T) = TR{ + 7‘ ATL]:&)'
e
&=}

Where AT, (k) is the temperature change caiculated for tie kth Ume intenval.

To culculate the threshold for damage on the surface at the center of the Gaussian
bear, we consider T ;(7). To express damage thresholds in terms oi quartities calculated
by the model, we introduce a normalized temperature icrease for the 1.1 element: A8 (r) =
[T;;0) -~ Ty} /P. Here P = P, /A, since AR, is always smali compared o the beam
radius 2. Assuming damage occurs when the temperature increase {7 - (7) - T 1 1s equal
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0 AT, the power-density threshold Py can be written as Fg = AT, fA3(7). Therefore
tineshold levels of 2 energy density E, *~ termis of AT, and A zre simply given by

ATL‘.'T

. 8
3500) {s)

Eg =

RESULTS

The Iigy gCdy ,Te materials were irradiated with 10.6-m laser pulses with irradiztion
um.s v2rying from 1 us to 2pproximately 1s. Values of power densily ranged frem 108
to 105 Wicm2. and pulse energy demnsities ranged from 1 to 10% J/cm2. The experimer.cel
apperatus znd procedure s discussed m detail elsewhere [2]. A 14nm square p-type crystal
2pproxumztely 0.5 mm thick w=s bonded to 2 gold-plated capper mount (2 mm thick} which
was i cont2ct with 2 copper <2kt finger held at 77 K. The sirface of the sample was pol-
whed 2nd then e’ched with 2 277 sromine m methyvi alcohol. The cpticzl, mechenical, and
therraal properties of these sy les 2e expected to be roughly the ssme 2 for operating
photovoitaic detectors.

Threshold values of pezk « 1were  density Eg and peak power density Py for material
damzge are presented . Tzbl .. Mexsurements over six orders of magnitude varetion in
gradiztion time were mac» 1.sng 4 fzser beam whose full width 2t half maximum (FWHM)
w2s 0.25 mm. Damage thnshoids were 2lso obtzined using z beam (FWHM = 1.0 mm)
which covered the entme crystal. thus 2pproximating uniform rrediztion conditions. Fer
thss large beem dxmeter, radzz! hezt conduction is not expecied to significantly aifect the
damzge threshnids. Note that both £g «nd Py vary by 2pproximately three onlers of mag
nitude over the renge of uradiation times sundied. Uncerizinty in the damage thresh v
estimated 2t 30 to 40 percent.

Table 1

Demege Thresholds For Hgy gCdg ,Te Material
F‘?m! l < Eo P("
imm} (3) td:em?) | 1kxW.em?)
0.25 1 X 106 2.2 2200
0.25 I X 10¢ 80 26.7
0.25 44 X102 400 9.1
0.25 8 X 10} 4530 56
1.0 8 X103 29 36
it 2 X 101 330 1.65

When the temperature rise 2t the crystal surface reaches a thieshold value AT, . dam-
age will occur. Since thermal decomposition and the resuiting outgasing of mercurny are rate

Gyl 0
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processes, AT, will have some dependence on irradiation time. In tke numerical model
discuseed presiousty, however, AT, was assaned to be constant. Due to the complicated
time- and power-dependent nonequilibrium dynamics (decomposition and vaporization)
taking place on such short time scales, AT, is not 2 known quantity and is therefore de-
termined empirically in fitting the data. The thermal conductivity K of F:CdTe varies con-
dderably over the temperature range of interest. However, values of K are nct known over
this entire range, and it is impossible to determine 2 priori 2 “sitably averaged™ value of
thermal cenductivity. Therefore K was also determinad by treating it is an adj:stable pa-
rameter in fitting the data. E, is approximately independent of K for short irrsdiation times,
where the therral diffusion distance is small compared to the absorption depth. AT, was
obiained by titting this short-time data (7 = 1 ps). Then using this valve of AT, K was
determined by fitting the data for ionger irradiation times. Although the zbscrption coef-
ficient a also vaties strongly with temperature, a “suitably averaged” wslue of this parameter
has been obtained in 2 previous study [1]. This same value (@ = 103 an'l) was used here.

Using published valces of HgCdTe material parameters (Tzble 2), the numerical thermal
model discussed in the preceding wzs uged to calcuiate £y and Py as a function of racia-
tion time. These results are plotied in Figs. 3 and 4 together with the experimental data.
We note that for both beam diameters studied the theoretical model for detector dzmage is
ir good agreement with the experimental results o HgCdTe material samples. The caicu-
lated damage thresholds for HgCdTe (PV) detectors exhibit three distinet regions of behav-
ior. Por short iradiation limes, E, is constant, and Py is inversely proportionai to 7, whereas
for intermediate times, Eg < 7Y/2, and Py & 12_ In the longtime limit, Py asymptoticlly

3 approaches a constant value. The threshokis obtained usiny the Gaussizn beam (FWHM =

< 025 mm) is nearly an order of magnitude greater than for “uniform radiztfon™ in 2he long-
= tine-Emit. For the Gaussian beam the vikees of Eg and Py at long tixmes are determined
mainly by radial heat conduction. For uniform aradiation, radial heat conduction is unim-
£ poriant, and the thresholds are limited by the finile samp’e thickness and the thermal coup-
: ling with the heat sink [1].

EIINNL AT £ L T A

, Tzole 2
E Properties Of Hgg gCdy ,Te

Thore=al ffosrxy k: 0.09 c=2scc 2 7T K*
: Thermad condothity K- 010 K K°*

= Dezsity p: 75 =it
Refiectivity B: 0.31° ;
Specific beat ¢ 0.15 Ji=Kt /
Absorption coelficient az 10° 32 {
AT, 660'K§

i 8 B W Dot e B IR 1 s g b 1 8 e

*D Leag snd JL SchmR Serzxeedwciors onf Searetes 5. O
6, BK Wiladsoa sad AC Beer, ofzors, Acwder« Prvm, Nex
Yeck 1970, Valoe of k e K cltaimed empirxay froes the (2

= of Lrmape t2rvakodd &ats_ eeler 2o valoes s3Rabiy sweraged over

= e temprratyre ramge of ictere_.

= * Extapeinied from dsts in P Goleimgrr and M. Sepaeboesme,

Tra=s Faraday Scc. 99, 2533 (1553)
$Tie sheorptaon cor{lacw=2 1 2assed 20 e the s 23 poed e 2
Bre for HeClTe P &rtecioes. (See Ref 1} E
$O0 remc2s miote Bt wiboxt £3 FRefinctne (AR) coelarg. -
< HeCLTe regmres soprozzazely 3 G647 tooes amadier tLepenatsoe H
= =evsae for wpormaina Saa for the AR cosled IC Setecicr. The
= tesganatire rame obtaimed cacber for HeC2Te (PC)Y is 930K prong
3T, = S63°K for Cor wmcoezrd HICSTe PV etrctoe.
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in Figs. 5 and 6 the theorctical damage thresholds for HeCdTe pholovoiizic 2nd pho-
tocenductve {PC) detectors [1] zwe compared. Nole that in the shoritime Emit the thres
hold for the photeconducior is more than an order of mzgnitude Trezter than for the pho-
tovoltaxc detector. This 1s due mainly to the exira enesyy iequired to v2pocize the hrper
active wolume of the pholoconducior. Fur intermedinte timmes the threshold: 2pproach e2ch
oiher snce at these tnmes the energy remored by hezt conduciion is targe compared to the
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energy required to vaporize the photoconductor. For the long-time limit (r > 10°1s) the

4 photovoltaic detector is more difficult to damage than the photoconductor. This is due to
13 the importance of radial heat conduction at long irradiation times for HgCdTe {PV). Due

to its construction, the photovoltaic detector is mere effective at conducting heat away froma
the absorbing region. This arises both from the absence of any thermally resistive layers in
the photovoltaic construction and from the lack of any significant radial heat conduction in
3 a similarly irradiated pnotoconductor®.

o Caiculated threshold values of energy density are plotted in Fig. 7 as a function of ir-
.. rudiation time for various beam diameters in the range 0.05 mm < FWHM < 0.50 mm. As
5 expected, all curves are approximately equal in the short-time limit, where thermal conduc-
tion has a negligible effect on the damage threshold. In the long-time limit, however, the
damage threshold depends strongly on beam diameter, and E is approximately inversely pro-
portional to the beam diameter (Fig. 7). This dependence on beam diameter continues until
the beam diameter becomes comparable to the detector thickness.

05 J

4 Hg Cd Te (PV)
. ‘ ot -
s i -
b, 1 o
2 : §
K 3 '02" ) 4 -3
4 > FwHM = 005 rm
Z “FWHM » 0 25mm
¢ K FWHM=025mm 1
Fe FWHM*0SCrom
= 2 ] ] 1 * 1 s
2 i o7 0 K 0t w0 w0t o O«

‘.§ (s}

!

Fig. 7 — Calculated energy-density damage thresholds
for HgCdTe (PV) for various be2am diameters

[ ,"MN’I Gy

2 It is interesting to compare the calculated damage thresholds for HgCdTe (PV) to those

4 obtained for PbSnTe (PV) [1]. In both cases it is assumed that the laser beam full width at
half maximum was equal to the width of the active detector element (F\WWVHM = 0.25 mm).

, From Figs. 8 and 9 we observe that the damage thresholds for both detectors are approxi-

: mately equal for short irradiation times (7 < 10’4 s). As the irradiation time increases, the

3 damage thresholds for HgCdT< £V detectors grow larger than those for PbSnTe PV detectors

by an increasing margin.

W

* Damage thresholds for HgCdTe PC detectors were calculated in Ref. 1 using a mode! which assumes one- -
dimensional heat flow. To validate this model, thresholds were measured for HgCdTe samples mounted
on substrates of approximately the same cross-sectional area. If the HgCdTe PC samples were placed on
large-area substrates, radizl heat conduction would zz2in be important at long irradiation times.
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'03 u / 1
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B W 0 w0 0t P 0? o W W
z(s)
3 Fig. 8 — Comparison of calculated energy-density damage
g thresholds for HgCdTe (PV) anid PbSnTe (PV) detectors

%

o Wem?)
5,
T

®

3

o R A A
< {s)

Fig. 9 — Comparison of calculated power-density camage
thresholds for HgCdTe (PV) and PbSnTe (PV) detectors

It can be shown that the difference between the damage thresholds calculated for these
detectors is due to inore efficient radial heat conduction for the HgCdTe PV detector. In the
= long-time limit the damage threshold varies linearly with thermal conductivity. Since the ther-
= mal conductivity of HgCdTe is four times greater than that for PbSnTe, it is concluded that
the difference between the damage thresholds for these two detectors is due primarily to their
dif{ferent thermal conductivities. This is so because the critical temperature change was found
empirically to be very close for these materials (660°K and 733°K for HgCdTe and PbSnTe
respectively).
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SUMMARY :
3

Over the range of irradiation times studied (10°6s to 1s), threshold values of Eg and Py

changed by three to four orders of magnitude. Significant differer.ces were obtained be- E:

tween damage thresholds for samples irrzdiated by a Gaussian beam whose area is small com- 4

pared to the crystal area and the thresholds for uniformly irradiated samples. 7

A two-dimensional thermal model employing numerica techniques was applied to HgCdTe E

PV detector materizls, and good agreement was found between the thecry and experimental 3

results. This model takes into account all relevant details of detector geometry and thermal

configuration and is capable of treating the cases of uniform and small Gaussian beam uradia- 3

Lary

tion of the detectors. Such a2 model is required if damagz thresholds are to be calculated for
these detectors for all possible irradiation conditions.

A
hoht A7

The calculated damage thresholds for HgCdTe PV detectors were compared to those for
HgCdTe PC and PbSnTe PV detectors. It was found that for short irradiation times, HgCdTe
photoconductors «re significantly more difficult to damage because of the large amount of
energy required to vzporize the entire photoconductive detector. For long times (v > 10-2s)
the HgCdTe photovoltaic detector is more difficult to damage because of the importance of
radial heat conduction in this detector. The damage thresholds for HgCdTe PV and PbSnTe
PV detectors are approximately equal for short times but at long times HgCdTe (PV) is more
difficult to damage primarily because its thermal conductivity is greater than that of PbSnTe.
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