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L-ASER DAMA&I R IN 8- TO 14-MIUCRON MERCURY-CADMIUTM-
TELLURIDE PHOTOVOLTAIC DETWJ7OR MATERIAL

UN TRO0D UC nON

fl Mercur-y-cadmium tellurike photovoltaic iPV) dietectors are of pmartu~ar importance
for detection of radiation in the 8-to 14-pn :%pectxal region, where high responsiiity and
very fast respoane t,-imes are required. In this report 10.6-pmn laser damage in HgCdTe is
studied both experimental, and theoretic2L-y. Damage thresholds of H4CdTe crystals.

surmibar in geometry to those tw±*d for photo.oltaic detectors, were mea.-ired, and their de-
pezudence on rradiation time -was stdied. A thermal model was used to predict ddragx
thresholds for HgsCdo. re P : dezectors, andi these results are compared 'o experimental
values. Effects of laser beam diameter and detector thermal configuration are discussed.
Damage thresholds for this de.ectatr are compared to those for other 8 to 14-p.- detectors-

In whamt follows we assmwe that the ruaterial properties are indepoendent :)F tempeature
and may be treated as constanits- The detector is assizmtd to be initialy at a reference temn-
perature Td. Non~mear effets as well is variations in matexial iroperties with optical flux
are neglected. It is assumed that no phase change is req~uired for junction degradtion and that
the damage threshold refers to the :-rradiatren level reatued to rzise the temnperat-are of the
detector surface to some critical ternperwture Ttu. T1he absorbed enerv't either raises the tem-
perature of the absorbing volume or is conductet: away toward the heat s--ink.

THEORY

In a previous work 11it was concluded that a thermal model for a semi-infinite soli'd
irradiated b-. a Gaussian 1 .-am can be used to ;prcdict damage thresholds for phoovoltaic
detector-,c. ;aong as the beam dimeter is small compar~vi to both detector thickness and
w-idth. A cross-sectional view of a typical photovoltaic detector (Fie. 1) illustrates Gaussian beam
irradiat.un of a detector with finite thickness and sai-zple area- Thle power density profile
of a Gaussan beam is given by P(r-) - Pe-rlk2 

. where P is the flux (W.cm2 ) at the center of
the beam. The temperature profile in a semi-infinite material with an infirite absorptioss
coefficient, heated at the surface by this Gaussian beam, s f 21

01- R)pa2  dt Z_ _r-

-1 TO, z. 7) Jexp ! - -- II
pc,%fz- 10 %/_ittk. + a2) 4.. 4k

Wa-a.R i.; ithe rcflectivzky. p is the density. c is the specific heat. k is the therm-al diffusi~ity.
and ; _s the irrad:auon tisne. The temperature change at the surfaz-e of the material (z =0
and at :he center of the beam (r = 0) is

Manusrpt sub-nted Xwwrerber 28. 1975.
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For detectors whose thichkness is less than or equai to the beam diameter, Eq. (3) may
restlt in considerable error. Fci such detectors a rori elaborate tkermal model, taking into
account both laser beam diameter and relem.it deh'La of detec-tor g=metry, is require d for
an accurate theoretical determination of damage thr-hods. in the present work we appI °

such a model, based on a numerical technique, to HgCdTe PV deteetors. Damage thresholds
are calcu-ated for two b.-am diameters, one less than and one grater Uizn the detectr thick-
ness. These results illustrute the importance of the more sophisticated . .±_nericai model in
predicting damage threshold for such experimental conditions.

There are seeral methods for numerically evaluating transient temperature dsributions
in heaed rr.atera.. Among these are finite-diffetence methods, variational methods, and
finite-element methods. For our work we chose a finite-element method demloped by Tor-
vik [31 which differs from the more tradittonal finite-element methods :n the technique used
for evaluatios. The approach taken was to diide the region of interest into a W number
of finite segments and te perform a heat balance on each. For the same number of elements
thLs method is expected to be less accurate than the traditional finite-element method, but it
is expected to be more practical for many asects of thermal modeling in detectors. The ac-
curacy of this method was examined by Torvik. For our catculatioms pariodic checks on the
accuracy- were performei by comparing the results of the computer progra with the results
of exact closed-form solutions. The element sizes were chosen to be sufficently small that
the difference between the numerical model and the cosed-form solutions was always leez
than 3 percent.

The geometry consdered is a crcular pate or disk consistin of two slabs having different
material propertues. These slabs correspond to the detector and substrate. The laser flux
is ubcdent on the front suace and is absorbed exponentially below the surface. The boun-
dazy conhtions on the edges and rear surface are chosen to correspond to the experimental
environment of the detector. The thickness of the disk b is divided into Np javers of thick-
ness %Z The radius is div-se into XC segments of width AR. It is assumed that the mate-
rml is heated by an axially symmeLc flux. Hence no azimuthal subdivision is required.

The disk is divided into Nc X ., elemnts each having the form of a solid annulus.
The rate of heat flow through the ,j element is given by the product of the conductivity
A ,. the area of the interface, and the temperature graditnt in the direction of heat flow.
For example, the rate at which heat flows through an area A. from the , j element, due
to a temperature gradient in the z direction, is

1rJ - .

where T,., and T,-i, are the temperatures of the , j and i+lj elements respectively. The

rate of radial heat flow Qp.1, is defined analogously. Heat can also enter the edement by
absorption from external sources (e. g., optical radiation). We must add to the heat-balance
equauon an additional term P,. (watts) whi ch is the rate at which heat is added externally
to the 4,1 element It ts assumed that phase changes or internai reactions do not occur. The
net rate of energy flow in the 4 j eleme-ft is depicted schematically in Fig. 2.

3
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Fig 2 - S~ht=;tk. --p sen-atio Or
temrry -LOW =z t3t i~j ekenz

The net flow energy AQUj is givesn by

andA the terperature change iT is

AQQ~t(6)

where At Ls the time icrement c- is the specific heat, and mis t;,e mass. 11he preceding
heat balan-ce ~s performed repeate using a small time inzcrement -It u.flhl the sumn of the
t"me incrents equals the time of interest- At each tizrrt- step the temperature change AT,
in the tj e&.ernent is added to the previous temperature T,.. The temperature for an zrradia-
tion time nAt (n time inter~als) can be written

AlWTereT,(k Iis tzne temperature change calculated for the kth t:-me intenmal.

To calculate the threshold for damage on the surf2aze at the center of the Gaussian
beam~. we cotis~der T1 1j(7). To express damage thresholds in terrn. us' quawntities calcuilated
by the model. we introduce 3 norrilized temperature increase for the 1.1 element: AO (r)

T11()- Te, p ~~P P 1 I:jsc AR I., is always s.ali cc-mpre to the beam
radius a. Assumning damage occurs when the temperature increase f TX: (7 T,,fI is equal

4
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* ~to -ITh. the power-density thresiio~d P0 czn be written as P0 = T A91.Terefore
b..S tlzehold Levels of !ast: ene~gy densty E, -- tar.n; of A~ and -10 are simply gven by

E= 1q7  8)

RESULTS

The RgOSCkloT -aterials were irradiated with 10.6-jrm laser pulses wi.th irradiation
ttm- rz-rug from I ps to approxinmately 1 s. Values of power denisity ranged from 103
to 106 W,,Cr 2 . and pulse energy der.sities rangd from I to 104 j;CM2_'l xei~e~a

appartus arAd procedure is discussed in d,'etail elsewhere [21- A 1 -mm square p-type crystal
r approximately, 0.5 mmn hick vwas bonded to a gold-plated c~pper mount (2 mm thick) which

vw.s m- contact vanh 2 copper .lfinger held at 7lrK. the srface of the sample was po1-
sted and then elthed with a ~z rornzoe n methyl alcohol. The cptca!, mechanica, and

thermal properties of the-se si -t.; es zre Pexected to be r..ughly the samc a for operating
j photosotaie detectors.

Thresheld vahies t-, peak - wenst EO and peak power dermity P0 for material
a ma r presented zr TaW.; - Memsurements over u~x orders of magnitude araonin

=3rdiatzon tume wer-e mae! tsing -a jase bea-m whose full width at hal-f mraximum, (FWHM)
was 0.295 mm. Darizge thrkshoied- were also obtained using a beam- (MWHM = 1.0 mm)
Wh~ch covered tle entne crystal. thus approxrmatr2 uniform -radiation conditions. Fcr
this large beam dtameter. rad-s' heat onductzon is not expected to significanmtly affect the
damaze thresoWds. Note 'Ihat both EO ":Wd P0 v-ary Dy approximatel3 tihree orrs of naz-

* nirtride overT the rang of idiation utime tudied. Uncez-ainty in the damage th4e6h 9-0.
estimated at 30 to 40 pe-rcent.

Table 1
Dama.-e rr--esho!4.5 For HAOSCdo ,Te Material

i mm, Is (J, 2 ) 2

0.26 1 X 1- 6  292 2200
0.- 3 X10-4  8-02670.25 x 9.12

0.2 j -X2 Y 400 961d
0.25 8 x101 4530 5.6

1.0 S 03 29 3.6
1.0 2 0-1 j 3 1.651

When the temrperature rise at the cxrstal srurface reaches a ture.~hol v-.ue l~,, dam-
age will occur. Since thermal decompositi~on and the resuiting outgasing of mercur are rate

5
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processes, ATh will have some dependente on irr-iation time. In the numerical model
discussed previously, however, AT, was e msed to be constant. Due to the complicated
time- and power-dependent nonequilbiuzn dynamics (decomposition and vaporization)
taking place on such short time scales, AT& is not a known quantity and is therefore de-
errained empirically in fitting tle data. The thermal conductivity K of R; CdTe varies con-
iderably over the temperature range of interesL However, values of K are not known over
this entire range, and it is impossible to determine a priori a "'suitably averaged" vah;e of
thermal conductivity. Therefore K was also determimed by treating it is an adjustb pa-
rameter in fittirg the data. E0 is approximately independent of K for short imdiaton times,
where the therral diffusion distance is small compared to the absorption depth. ATt was
obtained by fitting this short-ime data (r 1 ps). Then uing this value of AT&, K was
determined by fitting the data for ;onger irradiatio times. Although the absorption coef-
fiient or aso varies strongly with temperature, a -suitab- averaged" v3lue of this parameter
has been obtained in a pmnvious study [I)- This same value (a = 10 cin-l) was used here.

Using published values of HgCdTe material parameters (Tzble 2), tke numerical thermal
model dbussed in the preceding wv,, used to caluat Eo and Po as a function of irradia-
tion time. These resuts are plotted in Figs. 3 and 4 together with the experim tal data.
We note that for both beam diameters studied the theoretical model for detector dma is
ir go d agreement with the experuntal results on HgCdre material smples, The calcu-
lated damag thresholds fo HgCdTe (PV) detectors exhibit three distinct regons of behav-
ior- For !iolrt irradiation tinms, Eo is constant, and PC is inversely proportimal to r. wher
for hntermediate times, E0 = 7U2, and P0 = r'- In the long-time lifit, PO asymptoticfly
approaches a constant value. The thresholds obtained using the Gaussian beam (FW-IM =

0-2- am) is nearly an order of magnitude greater thin for "uiform irradiaton" in the long-
time-limit. Fer the Gaussian beam the vales of E0 and P0 at long times are determined
mainly by radial heat conduction. For uniform inriiation, radial heat conduction is unim.
portant, and the thresholds are limited by the fmite sam:pe thickness and the thermal coup-
ling with the heat sink [1.

Tabe 2
Properties Of Hgo.CdofTe

h u-----al diffl -y k: 0.09 ,'-- at -7K*
T'"-* Codocaiy K: 010 WAcrK"D O : 7.6 gjc. $

€odr ----- 6 10• €k,$-Redec!M:y R: O3
Soecifi beat C 0-15 Jftm'K+
Abodon codrxiie- a 4r0 3 C-

'D L axd I L Sd& S-gw~m .. a Srtwmmkte S. Ck
C R- Wdhwdwa aceL AC Smq. zoc,. Aade ?rets. VCr

C -( mag tiew dau refe tov ' tabyap.

t6cC enter C wz W
r=z-sc from daa is P Goeaer~ 51. X metmmr
T Ma Fmds7 Soc.5. i(IS
S twopcma corfTxcw- is aaM4 to be C ftc m as =rd mw
br tc Ioc HCL9 P.- daeIrCUC (SM. Re-. 1.

§0=~ rere, a. _tbcyS.c (AR) C.CMc-
FkC417. veva"S apptozma*4y 2 *A- taws ocam tezzwes=

tec-vtax ror obaie rulas fc itcCd-I (MC is 5'k. van
a.- s**o' ob. m ccer. Pv &uomc
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in Lis. 5 and 6 the theortia damage tbresholds for IiCG e phoo-.W.tai =bd pho-
toccndAuclave (,PC) dezetors I1 I are coczmawed. Xote that. ;In L1k sho~r-inme Ens: e thres-
hold for the pbotoconduc"o is imor.e thaxi an o-.dte ofs xr-,,-tLde peer thaI for th-e pho.
to-.oltazc detector. r=s is due ==mIv to the exn ener;7 jequb-ed to -oc2ize the 4.e
acutxe n*ume ofl the phwomeonditor. F4ur- intesmediate Uinws the thres-bold -approa*a ez&h
othe -- c at these times the energy rem~oved byv heat con iiction is hzxpe cjmvared to the
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energy required to vaporize the photoconductor. For the long-time limit (r > 30- 1 s) the
photovoltaic detector is more difficult to damage than the photoconductor. This is due to
the importance of radial heat conduction at long irradiation times for HgCdTe (PV). Due
to its construction, the photovoltaic detector is more effective at conducting heat away from
the absorbing region. This arises both from the absence of any thermally re-sistive layers in
the photovoltaic construction and from the lack of any significant radial heat conduction in
a similarly irradiated photoconductor*.

Calculated threshold values of energy density are plotted in Fig. 7 as a function of ir-
radiation time for various beam diameters in the range 0.05 mm < FWHM < 0.50 mm. As
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 E0 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.

r HgCd Te PV)

h0f 0aiua 0525 ra)
~FWeA *0125mrn]

FWA 0 50 n

a6 K 145 ; Z 3 2 :1 c

Fig. Figs. - an oat henergy-density damage thresholds
for HgCdTe (PV) for various beam diameters

It is interesting to compare the calculated damage thresholds for HgCdTe (PV) to those
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 (FWH1d = 0.25 mm).
From Figs. 8 and 9 we observe that the damage thresholds for both detectors are approxi-
mately equal for short irradationd times (r < in e s). As the irradiation time increases, the
damage thresholds for HgCdT... t'V detectors grow larger than those for PbSnTe PV detectors
b~y an increasing margin.

*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 ap~roximately the same cross-sect ional area. If the HgCdTe PC samples were placed on
large-area substrates, radial heat conduction wou!d tgain be important at long irradiation times.

9
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I2]
I° ! ~ C Te rit -P

Fig. 8- Compax-ison of calculated energy-density damage
thresholds for HgCdTe (PV) a3fd PbSnTe (PV) detectors

r s

Fig. 9 - Comparison of calculated power-density damage
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 more 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-
ma. condu'tivity of HgCdTe is four times greater than that for PbSnTe, it is concluded that
the difference between the damage thresholds for th se two detectors is due primarily to their
different thermal conductivities. This is so because the critical temperature change was found
empirically to be very close for these materials (6600 K and 733"K for HgCdTe and PbSnTe
respectively).

10
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SUMMARY

Over the range of irradiation times studied (10-6s to Js), threshold values of E0 and P0
changed by three to four orders of magnitude. Significant differences were obtained be-
tween damage thresholds for samples irrzdiated by a Gaussian beam whose area is small com-
pared to the crystal area and the thresholds for uniformly irradiated samples.

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

PV detector materials, and good agreement was found between the thecry and experimental
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 irradia-
tion of the detectors. Such a model is required if damage thresholds are to be calculated for
these detectors for all possible irradiation conditions.

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 d~fficult to damage because of te large amount of
energy required to -. porize the entire photoconductive detector. For long times (7 > 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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