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AJ3Sl'RACT 

Emittonce measur.ements as a functi on of temperature have 
beeo performed on germanium and silicon samples representing a wide 
rmnse of resistiviti es. In general ., emittance was found to increase 
with increasing temperature and increasing imiurity level. The 
etlli ttance of germaniwn (p and n-types) at 360VJ( ranged t'rom .:"';,roxi-
11Mllte1y 0.2 for Ell :reaistivtty of 30 ohm-cm to approximately o.6 for a 
1·es:Lstivity of O.l ohm-cm. At 34C'IK, the emi ttance decreased to 
ap;proxilll8tely one half the above valuge. Sllicon (p and n-typea) had 
cot:nparable values of emittance at 660 K for resistivities of 200 
oh:t:n-cm and 0.001 ohm-cm, bu·t at 30 K the emittance values were reduced 
to approximetely 0.03 and O.l :respectively. Germanium li!lnd sili,con of 
in·tennediate re,sistivity were found to have intennediate emittance 
at the high and low temperature extremes, but anomalies were observed 
in the temperature-emittance relations at te.nperatures between the 
·two extremes. 

1b,e general relation between emittance, temperature, end 
impurity level has been explained in terms of charge carrier densities. 
An explanation of the emittance-temperature anomalies has been suggested 
in terms of the relati ons between carrier density, carrier lifetime, 
llld emittance. 

Distributi on of this abstract is wllimited, 

111 

l[fl) l f\tt'iil ! lilitt+ .,tt1+Jt•t1n1 +1 r !'1f: I t ~ ii 

' ' 

f I 

II 
1 



111111 I 111 

SECTION 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

TABLE OF CONTENTS 

INTRODUCTION. • • • • • . . . • • • • . . • I • • • 

EX PERM:Iff . . . • . . . • • * • • • • • • • • • • 

Thermocouple Calibration, ...•.••••.• 
Samples !llnd Samp'.i..e Preparations ..••.... 
Emittance Measurements , ,. . . . , . . . . . . . 
ResiAtilfity Measurements . ....•...•.. 

RESULTS • • • • • • • • • • • 
Thermocouple Calculation. 
Emittance Me~surements • • 
Resistivity Measurements . 

EF.RORS .. 

• • • • • • • e • • • . . . . . . . . . . . 
• • • • • • • • • • 
• • • • • • • • • • • 

. . . • • • • • • • • 

DISCUSSION OF RESULTS • • • • • • • • • • • • • • • 
Relevance to IR ~vices •••.••..•.•• 
Comments on Emittance at I.nw Temperatures ... 

FU1J1URE WORK 

CONCLUSIONS 

RF.FERENCES 

• t I t I t t I • e f t ♦ I t • I t ♦ ♦ 

. . . . . . . . . . . . . . . . . . . . 
• • ♦ t t t I I t ♦ I I I f I • t t t I 

V 

PAGE -
1 

1 
1 
2 
3 
4 

6 
6 
6 
7 

8 

9 
9 

10 

15 

16 

17 

I 
I I 



1, 1 

~ 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ll 

LJ:S'l1 OF ILWSTHATIONS 

Rf,eistivity Apparatus . • . . . 

Thermocouple Correction Curves 

Emittance of p-Type Germanium 

Emittance of n-TY,pe Germlllnium 

. .. . . . • • • • • 

• I ~ I • I • • ♦ • • 

• • • • • • • • • • * 

. . . ~ . . . . . . . 
Emi ttence of lielliwn an1 Gold Doped Gemanium • • • • 

• • • • • • • • • • • • Emitt$nce of p-Type Silicon. 

Bm:t.tt11mce of n-Type Silicon . • • • • • • • • • t I Ill 

ReSistivity of' Low Impurity Level Germanium .•••• 

:Resistivity of r.o-11 and Intermedi.ate Impurity 
Level Germanium • • .. • • • • • • • • • • • • • • 

Emitt1nce Model for n-Type Mat erial • • • • • • • • • 

Emittance Model for p•T;Y:Pe Material •.••••••• 

LIST OF TABLES 

Description of Samples ~ . . . . . . . . . . ~ . . . 
Estimated Errors ••.•• ' . . . . . , .. • • • 

vi 

19 

20 

21 

22 

23 

24 

25 

26 

~ 

28 

29 

Page 

30 

31 



H fl 

SECTION I 

INTRODUCTION 

-,. II, II 

It is very desirable that the emittance characteJ~istice be 
known for any window material used to fabricc.te viewing ports for 
infrared instrumentation in spacecraft. Technical Report AFMirTR-66-
1481 describes a method developed at this laboratory for m,:asurement 
o,f total hemispherical emittance of transparent materials over the 
temperature range 75°K to 3120K. 'llechnical Report AFML-TR~67-2W 
describes refine,nents of the metho<l which extend its useful temperature 
range down to 44°K. 

The present report presents the results of emittance measure­
ments of two semiconductor materials, germaniu.n and silicon, over the 
temparature range 25°K to 3600K. The extension of the emittan .... e 
meas irements to a temperature of 25°K was made possible by o comparable 
extension of the temperature range of the thermocoupl e calibration. 
The semi.conductors on wht.ch the emittance measurements were performed 
1.nclud.ed wide ranges of impurity level and the results thus provide an 
opportunity to examine the effect of impurity concentration on the 
emittance-temperature relationships. 

~CTION II 

EXPERIMENT 

Thermocouple Calibration 

Technical Report AFML-TR-67-200'3 contains a discussion of the 
factors which necessitated an uin place" calibration of the alumel­
chromel P thermocouples used in the emittance measurements and describes 
the method used. A brief ,summary of •this discussion follows. 

If a thennocouple is to be used to make precise temperature 
measurements, it is necessary to calibrate the thet111ocouple wirt which 
:l.s used. '!he calibration must be made under conditions which reproduce 
the temperature gradientH that exist during the experimental tem:pera­
ture measurements. In this case the calibration consisted of comparing 

1 

II II 1111111 1!11 11 Ill I ! I .. ll 

I 
I 

~i,1"1 
• \ • I 

I 



I 

I 
I 
I' I 

I I 

I 

; 

' I 

4 I 

1 1 

II I 

thermocouple emfs w:i th the temperature as indicated by im i:;latinwn 
resistance the1 ~meter with which the couples were in thermal contact. 
'!be ciesired rer~.. iuction of temperature gradients was accompUahed by 
plac.1ng both tiie pl atinum resistance thennometer end the couples in a 
copper c:a;psule suopen.ded from the trapeze within the same experimental 
tmWXlber which was used in the emittance measurements. Thus at any 
given capsule temperature the themal gradients in the thermocouple 
circuit were tbe Hme ae those exisUng when the temper1:1ture of the 
emittance specimen was being measured. 

".tbe procedure used in the calibration was that :previou,sly 
describe~ except that the thermocouple calibration was made over a 
~rester range (20°K to 3g7°K) than was covered 1.n the pr.e·nous work 
(40°t<: to 3o8°K), The 4o K lowe~ limit of the earlier thermocouple 
aalibratiot1 represented the estimated limit of reliability in extra­
:i;iolating the platinum resistance the1,nometer calibration below the 
liquid .oit:t•ot1Jen fixed. po,int (77°K). As part of the current work the 
resistance thermo111eter calibration was extended to approximately 20°K 
by measurtna; its resistance at the liqµid hydrogen boiling point 
(20.19°:K). It thus became possible, 'co calibrate, the thermoc:ouples 
down to tbie same temper.ature. 

A total of 15 thermocoupleo was needed for the emittance 
meesure111ents,, Continu.ous lengths of wire needed for this number of 
COijples we1-e taken from the chromel P and alwnel spools and divided into 
tbree pirta. &IIQ])le s taken. from each of the three besments were used 
to f'abricite the three thermocouples which were subsequel'.',tly calibrated. 
Thus each calibration thermocouple was represent,etive of five of the 
couples used in tl:l d emit·tance measurements. Results of t.he calibrations 
are presented ln Bt:cti,on III. 

Samples and Semple Preparations 

Emittmnce measurements were made on a total of 15 specimens. 
'rab1le I describes the samples in terms of impurity, type, and nominal 
resistivity. 

The specimens were prepared in the form of dis.ks approd mately 
l mm thick by 18 to 25 mm diameter. '!be germanium was recetved from the 
manufacturer• in the i'orm of sections cut f:rom horizontal zone levelled 
a1Qgle or:,stale he1ving, the desired impurities and resistivities. Each 
specioi.en was prepared from one of these sections by cutting with a silioon 
carbide wheel a slice of about 1.2 mm in thickness perpendicular to the 
lo,ng axis of the crystal. 'Ih1s orientetion was chosen since it gives the 

lliPc Netab ' and Chemicals Campany, 3133 E. 12th Street, Los Angeles, 
Celifornia 90023, 
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greatest homogenelty of impurity concentration, To prevent fracturing 
of: the slice each piece was backed with a rnetel block during the cut-off 
proceas3 after which it was lapped with No. 600 silicon carbide to re­
move all saw marks and to r:c.Lng its thickne,ss to nearly 1 mm. T'ne 
samples were reduced to the snape of a circular disk by means of a 
diamond core drill. and were then optically polished on both faces on a 
Pellon polishing pad* with 0,05µ alumina, Holes of diameter 0.010 11 

for mounting the thermocouple wires were ct.rilled in the samples -with a 
supersonic drill, Finally, the sampleB were etched for :me mim~te in 
e freshly prepared etching solution consisting of 5 parts nitric and 
3 perts hydrofluoric acids. This etching process removed about 0,001 crn 
of the surface. Investigators have reported that the disturbed layer 
on the surface of germanhm due to grinding and polishing extends to a 
depth of abou',; 0,0001 cm, hence, this etching treatment completely 
removes this layer which would affect the measurement of the emittance 
Gf the normal material. 

The silicon samples were prepared in the same manner except 
that they were procured from the manufactu ... ..-erH in the form of disks 
approximately 1 mm in thickness cut in the si.'me crystal orientation as 
the germanium. '.me samples we?"e lapped, polished, trued, drilled and 
etched as previ ously described. The etching bath used on the silicon 
samples consisted of 5 parts nitric, 3 parts hydrofluoric, and 3 parts 
acetic acids. Final weights and dimensions were obtained after the 
etching was completed. Mounting of the thermocouples and installation 
of the specimens followed the procedures described in AFML-TR-66-1~.1 

E.'mi ttance Measurements 

The characteristics of the emi tta.1ce samples are described in 
~able I. The emittance measurements were accomplished 'iith the appa­
ratus and methoda previously described.i,2 Specimens were heated 
radiantly by electrical filaments. At the lower temperatures helium 
gas was temporarily introduced into the dewar to provide tbe thermal 
switching necessary to temporarily increase the cooling rate between 
those temperetu::es at which emittance was determined. Both the fila­
ment heating and the thermal switching techniques were those previously 
used with the Irtran filters."1 Results of the emittance measurements 
ar,e presented in Section III. 

*Manufactured by Geoscience Instruments Corporation, 110 Beekman St., 
New York, New York, 

-HElectronic Space Products, Inc., 854 So Robertson Blvd., I.Ds Angeles, 
California 90035. 
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Res isti vi t,y Mea surernen'ts 

In selected H,ses, measuretnents ot resistivity were made as a 
:t\inction of temperature, ·on small samples cut from the emittance speci-
m ns. 'lhe reda,tiv1ty samples were small bar11> approximately 2. 0 cm x 
O. 3 cm x O. l r;m prepared by t.he techniqueL; airtd apparatus described in 
the previous secti on. A thin layer ot' copper was electropl ated on each 
end of' the specimen to provide orrn1ic contact during the resiati vit:, 
inea1~ements by the familiar four .. potnt contact method. Figure 1 shows 
the e,pperatus wt th thr@e specimerts cla,mped between the current contacts 
and three sets of needle point pJ:obes arranged to measure the potential 
drop along the sarll][>le. The redl:Btivity ie celculated from the expression 

p = Es n 

where E is the potenti.d drop ecross the needles 

I is the current t.hrougb. the spec1n~ns 

a is, the croms sectional area 

tis the spacing between the needles. 

'JL'ezq>e~atu.res are measured with a thermocouple im'bedded in the fourth 
or dummy sample. J?reliminary e.x,pe:rimente over the expected te,nperature 
rene;t confirmed thot t,emperature gradients within such a specimen arc 
negligible and ttuit the temperature et its, center may be assumed to be 
the1t o,t the other three specimenB for small rates of temperature change. 

Tb.e resistivity of the specimens was measured es a func'tion 
ot t1mper1ture as they were slowly warmed from approxiruately 20°K to 
4-0aom:. '.Lbia range of temperatures was attained by use of the &ema 
dewar as "tbat used fo1· emittance IJllt'•BSlll"ements. '!he capsu.le was placed 
1m 'the experimental chamber and liquid helium used to cool the chamber 
an.di the NSi&t1 v:l'ty cs1psule to the start:l.ng temperature ,of approximately 
2D°K. About four hour"s were :'."equbred to cool the capsule and samples. 
Cool!~ occm.rs p:rimertly by co11duc·Uon to the trapeze base. Starting 
at OO°K b~th the expeJt•imentel chamber and the resistivity capsule are 
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allowed to warrn to 77°K, the t,emperature of the liquid nitrogen-cooled 
shield which surrounds 1:.b.e experimental chamber. This W$rming occurs 
naturally as soon as the liquid helium is purged from the experimental 
chamber. Further warming of the capsule is accomplished by purging 
the liquid nitrogen from the shield and the walls of the dewar and 
thus allowing the en-tire internal stru.cture to warm to room temperotur?. 
The rate of warming can be increased as desired by the use ot a smell 
heater in the base of' the capsule, by introducing helium gas to break 
the vacuum of the dew"ar, or by blowing warm air into the liquid helium 
or liquid nitrogen cha111bers. Warming the capsule above room temperature 
is accomplished by restoring the dewar vacuum and supplying heat by the 
capsule heat,er end by the passage of hot air through the hollow wells 
of the liquid helium chamber. 

During the enti.re warming process the emf of the thermocouple 
in the dummy specimen and the voltage drops across the needle probes 
of each resistivity specimen is recorded by the same read-out system 
used in the emittance measurements. 114 The current in the series con­
nected specimens (1 milliamp) was provided by e Quan-Tech Laboratories 
Model S-108 constant curront supply and monitored by a Hewlett Packard 
Model 410C electronic volt,amete:r. The time required for the entire 
warming process is approximately 48 hours of whicli about 12 hours 
requires supervision~~ namely the warming from 20°K to 77°K and the 
warming above room temperature. Results of the resistivity measure­
ments are contained in Section III. 
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SECTION III 

RESUJUrS 

The1,nocouple Calibration 

FigUre 2 shows the calibrations of the three cbramel P-tlumel 
the:nnrJcoqples expressed. as adjustments to the NBS t~lbles6 of the:nnal emf , 
Dab of' the plotted points re-presents the emf which must be algebrei,ically 
added to the NBS value to make it agree with the observed thermocouple 
e':'4-f' at ·~be temperature indicated. by the platinum resistance thermometer. 
:rn general; the three calibrations 11tgree within the e1-perimental error of 
the 11easUl•,ements. In the temperature range 8</ K to 127°' K, however, the 
ditteretices between the three curves are large enotl.ih to be significant. 
The cQtl~ctions applied to an.v- indi Vidual thennocouple were therefore 
'based on the cillb:t"ation o:pplicable to the wire see,ment,s fran which that 
couple wa1 fabrtoat,ed. It will be noted that the adju:::itments for these 
three themocouples are comparable ·to, those reported :?01· TC-3 in Fig. 4 
of Teebnical Report AFML-TR-67-200, 2 a thermocouple which was fabricated 
f:r<lm the same lot of thennocouple wire. 

limi it anoe Measure1111ent s 

Dnitt~ces of' the 15 specimens listed in Tabl e I are shown 
in Figs. 3 through 7. The plotted ,wttance values were ca.l,culated from 
the obse:rYed oooling rates by the method described in Technical Reports 
AlFMirTR ... 66-148\ ,and A.FML-TR-67-200.1 Specific heat valJes used in the 
calculations for ~e:rmanium were those shown by Flubaohet" et al. , for 
temperatures below 3000K and by Gerli.ch7 et al., for teir11peratures above 
30d'X. Si licon specific heats below 30<fi'K were also obtained from the 
Fluba~her data; above 30&K they we:re obtained fraii a canrpila.tion by 
Y. S • Twlouk::t.m. 8 

In general, the emittance values shown in any one figure a.re 
tor $'pecim.ens that were mounted together on the trapeze and thus -repre­
s,ent data taken in '.;he same run. The emittance cm'Vcs on a giTen 
tie;,.ire do not al.we:;ys extend down to the same low temperature, either 
'because t he liquid heliU1J1 suppl.;y was e:llfrumsted or because, the ratio of' 
emitting Jower to thermal capacity beomne so lmr that temperature 
oµanges could no l.0I10er be measured with sufficient accuracy to justify 
,data takJ.ng. Thus in Fig. 3 the rate of cooling of the G-3 spe:cim.en 
'below 3<fl was too small to be successfully measured, and the G-1 
specinten ha.d cooled so slowly during: the run that ·the entire amount of 
l:iquid helium available for this run had been used by the time it 
reached a:pproxim,ateJ,y 4cfK. In the ce.se of sample S-1, Fig. 6, a 
second run was made t,o erlend data down to 34°K. The agreement between 
the two nms is excellent. 
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The anomalies in emittance which may be noted in a number of 
cases at the temperatures of 64°K and 74°K are believed to result fran 
ar.Zte.lles :ln the routine calibrations of the thermocouple emf :read-out 
system which were also noted in the same temperature range. The 
emittance curves have therefore been dra~m to ignore any implied in­
flections at these two data points. 

Several features of the emittance-temperature relations 
di splayed by these curves are noteworthy. The following camnents 
summarize these features and Section V contains a discussion of the 
significance of these relations. 

At temperatures above 6cf K for gennanium and above 24<:fK for 
silicon the emittance-resistivity relationship is quite consistent. 
The hig . .1est resistivity sampl1:1s have the lowest emittances, the lowest 
resistivity ones have the highest emittances, and those with inter­
mediate resistivities have intermediate emittances. The only possible 
exception to this generalization is in the 30 and 1 ohm-mn n-t:ype 
ge:nnanium samples which at temperatures above locfK show identical 
etni ttances within experimental errors. At temperatures between locf . and 4oP, however, even these two samples fit the above generalization. 

At temperatures below 6cfK for germanium and below 24cf K for silicon, however, the resistivity-emittance relationship differs. 
All the intennediate resistivity (1 ohm-cm) samples show an increase in 
emittance with decreasing temperature until an emittanc~ maximum is 
reached which is greater than that of the corresponding low resistivity 
samples. This can be seen in Figs. 6 and 7 with p and n type silicon, 
where the intermediate resistivity samples show en emittance peak at 120°K and 8cfK respectively. Intermediate resistivity p and n type germanium 
also show this characteristic but at a lower temperature. The p type, 
Fig. 3, shows an emittance peak at 35°K while then type, Fig. 4, shows the emittance still rising at 2<f K and would pres,umably peak at a 
temperature somewhere below this value. 

Resistivity Measurements 

Figures 8 and 9 show the results of resistivity measurements of three germanium specimens. The curves are typical of semiconductor 
resistivity behavior - the negative temperature coefficient at lol-1' temperatures being the res,tlt of increasing impurity conduction with 
temperature, the second negative temperature coefficient at higher 
temperatures being the result of increasing intrinsic conduction with 
temperature. It will be noted that Fig. 8, the curve for G-1 has a 
different ordinate scale than that used for the curves of Fig. 9. A 
portion of the G-1 eurve has been plotted on Fig. 9 for comparative l)urposes. 
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Resistivity measurements were attemi)ted on the gemanium 
n .. tt,e specimens md on the silicon specimem~ but the results are con­
ddered un:r-eliable at t1lle lower tenr:peratures and so ar'e not included 
in tbis report. The chief source o,f unrelia1,ility below roam tempera­
ture was aJpa:rent,ly AC pickup which, after r•~ctification in ·the 
semiconductor, was supe:r::l.mposed on the measured potenti&l drop across 
the two poten·tieJ. prdbes. 'l'he presence of the extraneous v,oltege was 
evidenced by a cl11:i.nge it1 the magnit,ude of the inter-probe potential 
drop whe11 the current through the s,emiconductor was reversed. In view 
e>f t &e fact that tempe,rature-resis•tivity relations are well known for 
the semiconductors concerned, the value of additional data was not be-
11.eved great enoush to justify the time and effort involved in p1•oviding 
the more sophisticated m,easuring techniques which are required. 

SECTION IV 

ERRORS 

The sources of errors and the estimated effect of these errors 
on the em.i tta:nce values are shown in Table IL A general discussion of 
the erro:t sources, m~ be found in 'reclmiaal Reports AFML--TR-66,-ll+St and 
Xf'ML.,'jJ:R"'67-200.3 Three of' the er:rors mentiarled in the Table require 
ac!ldit:i+onal comments. The t ,hemocouple calibration error is now consid­
ered t,o be a constU1.t ± ~ over the entire tetn:pero.ture range in view of 
the improvement in the calibrat:l.on of the platinum resistance thermometer 
at the liquid hy<drogen boiling point. The estimates of speaif"lc heat 
e:rro1·s are based on the accuracies stated ,.n the appropriate literatU1·e 
references. I:n the case of silicon specific heats above 3ocf K, no 
estu,.ate o:f' accuracy was included with the cltta but experimental methods 
of measu.rJ.ig s:pecifie heat in the 300°X to J,1.oo''K region can be expected 
to h~~ve errors not greater than ± 3'1o. 

The errors due to uncorreicted heat losses through the support 
wire,s and resi,duu. gases becane significant at specimen temperatures 
bel.Ow 511'1C. This results fran the fact that the specimen cooling rate 
due i;o radiation JoH,es is decreadng much more re.pi~ than the losses 
due to the wire end gas conduction. For exaaple, when the specimen 
temperature is, decreased frora 50°K to, 25°K :I.ts loss by :radiation is 
decreased by a, fac-~or of 16, while the w-lre conduction loss is estimated 
to decrease by a. factor of' 5. The wire loss is not linear with 
temperattu•e 'because it :ls affected by other factors besides gradient, 
mime:Ly· the decrease in conduct! vi ty as tempers.tu.re decreases and the 
decNe.se in radiation loss f:ran the wire it~1elf as its mean temperatu:re 
dec:reues. Gas eonduct:ton losses are a linear function of specimen 
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temperature and also 1:>eccme relatively significant at veey low temper­
atures. Thus for a specimen with emittance o. 5, these uncorrected heat 
losses a:re estimated to cause 1% error in emittance at 5d'K and 4~ 
error at 25°K. For a speci.men with emittance 0,1, the errors at 5cfK 
and 25°K would be '5% and 20( respectively. 

No values of totF . hemls-pherice.l 1'9ittance of germanium or 
silicon were found in the Uterature, so it is not possible to compare 
the presented data with other results. On the basis of the estimated 
erro:rs shmm in Table II,. it is believed that the data shown ::l.s accur-
ate within ± 5i for temperatures above 50°K. Below 5cflC, the possibility 
of systematic errors increases until at the lowest temperature the low 
emittance values may include a systematic error as great as 2()% super­
imposed on the random errors. 

SECTION V 

DISCUSSION OF REStJIJrS 

1.rhe results which have been obtained in the emittance measure­
ments will be discussed fl'Oll!l two points, of view - first from t he 
standpoint of their significa.nce with respect to the use of silicon and 
germanium in. IR devices, end secondly from the standpoint of possible 
theoretical explanations of the emittance-temperature relations. 

Relevance to IR Devices. 

IR devices are currently used in a variety of guida.nce, 
detection and survei llance systems aboard aircraft, missiles and 
satellites. Silicon and ger.manium commonly perform two types of func­
tions in these devices. Externally they serve m:s flat window,s and 
curved IR domas. Internally they serve as (1) correction plates i n 
mirror optical systems., (2) lenses and prisms -pl!l.rticularly in ime:rsion 
opt ics, and ( 3) filters both in the form of coatings and as substrates. 
In these applice:Uons the IR transmi.asion is the charncterist:J.c of 
principle concern. Since the optiaal elements f ill. a sizeable fr.action 
of the detecting e!leme·nts field of view, the em.ttts.nce also becanes 
:important because •of ~.ts influence on the heat trarLSferred to ·the 
detector from the local environment. 

The optical properties of mc .. t; materials e.re influenced 
by imperfections, impurities, and defects in the host material; 
consequently, it is not surprising that the emittP,nce of silicor and 
gennanium is sensitive to tbe d.oping levels. Moderately pure s'..l.lician 
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and e;:ermmtum (typical resistivities 5 ohm-cm ,and 30 ohm-cm, respec­
ttr,~lr) are co1n$ide:r.ed adequate for IR optics. Figures 3 through 7 
1!1tlow thit these purities are adequate ~or the reepirnctive material at 
tQ~ tempera.t1.U'E1 and at low temperatures f'or germanium; however, 
5 ohm-cm silioozi probably exhibits an emittance characte:r:l.stic that 
tEUll1Clhes rather bigh levels at low temperature. At canpa:rable impurity 
le,rels (e.g., l ohm-em iii Figs. 3 through 5) germanium exhibits a 
$im:11!:l.:r increase in emi t1;anae at low temperatures. This behavior is 
~0J1t.rary to the usunJ. e.sl!lumption that optical mateit"ials becane more 
t1tuiaparent at low temperatures. Obviously these low temperature 
absorption peaks: 'becane an important factor in determining acceptable: 
!mptUity levels for cryogenically cooled optical systems. In additicm, 
the cont:rollable enrl.ttanc,e provides an additional design variable, 

Comments on &n1 ttanoe at Low Temperatures 

Se·ij'eral feature,s of the cur-1es in Figs. 3 through 7 go 
beyond our current under$tanding. F11·st, all of the curves for 
intermediate doped silicon and germanium e,xh.ibi t an. emi ttence that 
ie«~hes. a peak a.:t, low teinpeFatures, i.e., about 80 to 12cPK for 
$j,lJ,don f;lnd~ 35°K for gennanium. Second, hifhly doped germanium 
has a nearly' oonstWllt em:ittmce f'rClll. about 7;vK up to the maximum 
t~e!re:tua.-e, aotlll o:f the,se chs.racteristics can be explained in t ern1s 
o:f' e)¢:!.s·ting models; however, the arva:i.lable evidence does not permit 
ide~tlfication of ·che proaeas. 

In general, emittance can be desaribed in terms of 
(l) the number of enitt,ees, (2) the efficiency ,or frequency of exciting 
the . mnittors, and (3) the relative probabilities or radiation vs 
:t1111dtationleu tJl'alllsitionlll back to t he lower energy state. Dumke9 has 
~ .' NSsed the tJl',~sitions involved in free abs,orprtion in terms of the 
Helrliltonian H = :w + HL + H9 + H' 1. + H.' s 

~ete 
Jf = the unperturbed Hamiltonian of an electron 

in a perfect lattice 

If = the photon. or ,el,ectrcma.gnetic field contribution 

H9 = the soattering mechanism which is necessary to 
conserve c)•ystal momentum 

11 L = tbe interaction. Hamiltonian involving the electron 
and the electromagnetic field 

1' s = the interaction Hamiltonian involving the electron. 
and the scatterili mechanism. 

Sinee, emittance is the inverse of absorption and Kirchhoff's low equates 
the two quanti•ciee at e. given wav,elengch, the interactions specified ir1 
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this Hamiltonian apply alao to the emittance of free carriers in 1:1emi­

conductore. In considering thr: data in Figures 3 through 7 we will 
look at processes that affect the number and types of emitters, this 
interaction with photons and their scatt~ring by the crystalene 
lattice. 

The curves for n and p type germaniu,m of resiativity 30 ohm-cm 
are very similar. The same is true for then and p type silicon o~ 
resistivity 200 ohm-cm. These curves represent fairly pure crystals 
i.e. no intentional doping. Values of emittance higher than those 
shown by these curves are due to the donors o,r acceptors added to 
control the ele,ctrical conduct! vi ty. The state of the donor or accep­
tor depends both on the concentration of centers and the lattice 
temperature. At room temperature bo,th silicon and germanium are in 
their exhaustion region where all of the doping atoms are ionb~dj 
therefore,, the increase in emittance with electrical conductivity 
reflects the increased number of ionized centers i.e. free electrons 
and holes. As the temperature is reduced the behavior of the ionized 
centers depends on the impurity concentration. In the highly doped 
degenerate aamples (curves for 0--•3, G-6, S-3 and S-6) the centers 
remain ionized over the temperature range of these expe1·iments; conse­
quently the number of emitting centers remains essentially constant in 
number and type, The 0.001 ohm-cm silicon exhibits a temperature 
dependence similar to metals where the dec.reaee reflects reduced 
interaction with the crystal lattice i.e. HEL and JiEs. In contrast the 
emi ttanoe for 0.01 ohm-cm germanium remains nearly constant betwee11 
20 and 360°K im,plying a constant interaction with the lattice. 

When the intermediate (about 1 ohm-cm) doped crystals are 
cooled below the exhaustion range, electrons and boles become trapped 
to form neutral donor and acceptor atoms respectively. Both the number 
and type of emitting center s:..·e changing and now the enhanced emittance 
can be attributed to ei.ther the increased number o:I:' neutral impurity 
atoms or to a change in the interaction between the ionized doping 
atoms and the l attice. The first ease depends upon the ,cle.ssical 
color-center model for the absorption or emission of energy and so will 
not be di,scussed in further detail. i'he second case involves a change 
in rate of interact ion between ·the lattice and the free carriers and 
will be discu.ssed in some detail in the following paragraphs. 

Many investigatora1 ° ,11 ,
13 have reported free carrier 

absorption to be one of the major components of optical absorption in 
germanium and silicon. If in the emission. process the thermal energy 
of ·the crystal .lattice is transmitted to the free carriers which in 
turn are scattered by phonons or impurity ions and emit qua.nt.a of 
infrared radiation, then the efficiency of this process should be 

11 

I 

11 

I 
I 

I 
I 

I i 

. ~~~· •. I' ! 
I " : 



' I 111 

"II, I' 
I I: 

': j! 

, I 

i 

I' 

I, 

I': '. I I 

I 

11 !! 
'I 

' . 
I I ~I 11 I! II II Ill Ill I ,: Ill Ill 1 111 111 !I 1111111 ,11 II II 111 Ill II',, II 1

1 i:;1 

l(llu.gbl.y p1•oportional to the conoent1·at,ion of the chu•ge carriers. 
'!bum, the txperimental ::,bservation that the lov resis,tiv:lty, high.J.y 
da:ped samples with a high concentration of ,charge cerriera show higher 
v:elaes of omittance than do the high resistivity, low doped eamp:.es 
with reletl1.vely few cilierge carriers is oondetent with theory. 

1b1,s simple charge ce:rrier theory, however, fails to hold 
1:n the previoualy described emittance behavior of the intermediate 
resietivltft hohm•CIIJ1 Hmples at low te.,.pe:retures. MJrin end Maita 
and others ' have observed that the charge carrier densitiee in 
dlllilar Ellll1l!Ples of silicon and germeilnium show no anomalies at these 
temperaturts. According to their data both p and n type materials of 
Ill re$isti v1 ties show smooth and eonsis,tent relatioI1shipe between 
teinperatw.·e and carrier concentration. Ene,rgy considerations indicate 
that ou¢h an emittance increase could, not be due to a latent heat ty-pe 
ot energy storage. No known change of s,tate process perm ts the 
•l!u~orption ,ot heat, energy with decreesin; tempera,ture. Nor is it 
~H1ble to bave a carrier trapping process wherein the charge carriers 
are tra~pecl in high ,energy levels and "frozen" out by a decrease in 
temperat\bre. Analysts also, indicates that the energies involved in 
au.ch pro~esees are not suff1,tient to accoUAf, for the increase in 
ti:b:ittenet. All of the charge carriers, 1d'", pre,sent in a. l ohm-cm, 
JP type ellicon sample if trapped et a high, l ev level, could absorb 
only enQugb therm.al energy to change the temperature by .oo4 degrees 
i,. e. not e~ough, t o effect significantly the meaeured em:I. ttance. .A 
modifieation of t he charge carrier theory based on our emittance 
naEHisurements suggest a that, at certai.n charge carrier densities and 
te)l1pe1•atures there is an increase in the efficiency of enercr transf'er 
from the crystal lattice to the charge carriers. 

One possib,le cause of' a11ch an increase in energy transfer 
efttaieney could be that there is Bn increaue in the lattice-carrier 
coupling lr>i•ought aboil.di by a resonance ;ghenomenwn induced at a. g1-ven 
tempo·atm"Eli in a certain s,ized crystal domain whose boundaries &l"e 
dli'te:tm:l.ned by impurities. If this is the oaee then one would expect 
a change in tree carrier mobilities correspondir:ig to a eha~

1 
ip

3 
tpf 

latt1ce ... ea:rrier coupling. Analysis of carrier mobility data ' ' , 
however, reveals no Jucb relationship., Carder mobilities at all 
cu:nncentrat:lons show only a, monotonic change with temperature with no 
onoml!llies .matching those of emittance .. 

Another poasibili ty for iac.reauecl ene1·gy t,:ransfer trom crystal 
lattice to the charge carrier could be an increase ia the lifetilie of 
the charge carrier which \l'ould peJM:ai t them to Wld.ergo miu:iy more ther1:aal­
'to .. radiation energy transfer processes, MoH

16 in studies made on InSb 
he.I touttd that the lifetime of' the charge carriere depends on their 
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conaentr&tion en.d fol1.ows a bell-shaped curve which reaches I maximum 
et about 2 x 1cr 8 carriers per cm3. By coincidence the ohar_s., currier 
denll31ty of our l ohm-cm p type a:Llicon san1ple .:reaches 2 x lct6 /cma, at 
120°K. This is, the temperature nt which the emittance of this aa~le 
reaches e maximun. Experimental dota et this point is very incomplete 
but evidence ind.icates some relationship between carrier concentration, 
carrier lifet t me and em.i t ·tance. 

Figu.re 10 shows an emittance model of an n type material 
b&sed on this free carrier emittsnce theory. Thermal energy frorn t.be 
crystal lattice is transferred to the charge carriers exciting them 
to Ill higher energy leve:.. These excited carriers are then scattered 
by phonous or impurity centers. Some of the energy lost in the scat­
tering p1•ocess is emitted as a broad spectrum bremsstrahlung type of 
radiation and some is absorbed by the scattering center and 11:11 returned 
to the crystal 1a.tt1ce es heat e.nergy. Mul t.iple scattering fi113lly 
ret1J.rne the charge carrier to its initial energy state. The net 
result of this process is that some of the heat energy of the crystal 
lattice is converted to radiant energy and is emitted. This process 
can occur over again many times with the same charge carrier. It is 
estimated that in a one cm.3 crystal cooling fr,om 360° to 20°K eac:h of' 
the 1<1 8 charge carriers would undergo an average of' about 107 of 
these energy t:r:ansfer process1~s. Because of tl1e gret.'.t number of 
processes necessary a longer lifetime for the charge carriers would 
result in a move efficient heat transfer aod a higher emittance. 
Fig1.11·e 11 shows an emittance model for a p type material. Here thermal 
energy from the crystal lattice is absorbed generating :<oees holies in 
the material. .Pelrt ot this energy is given u.p by the freed electron 
by interaction with scatteri.ng centers. Some of' this energy is emitted 
and some is returned v-la the scattering centers to the crystal lattice 
a,s thermal energy. The remainder of the absorbed energy is given off 
as El band type of radiation generated wheo one of the holes is filled 
by the electron, Here ag~in the net result of this process is that 
thermal energy from t.he crystal lattice is converted into radiant 
energy and is emitted. And here again the efficiency of this thermal 
energy transfer depends upon the number and the lifetime of' the charge 
carriers. It is perhaps significant that at the temperatures of IDllxi• 
mum em1 t·tance for the two l ohm- cm p and n type silicon samples the 
number of carrier electrons (minority carriers in ·the case of the p 
tifPe material) 11:1, the same in both ca see, namely, 2 x 101 6 • 

The mechanism of energy transfer from crystal lattice to 
cha:rge carrier is not fully understood but must be related to the 
thermal oscill1l'tion nmpli'tude of the atoms in the c.ryst&.l lattice. 
Our results shw that for germanium and silicon samples of equal 
aarder. densities, the former gives consistently higher values of 
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ecl1ttanoe. The tem;peratwre•emittanoa relationlhip which characterizes 
&111,con below 300°K is l,1Jo evident for germanium but occurs at 
te~:ro.tu.re,s belaw 8o°K. This behavior oan be explained on the basis 
of bte presented by Collins and Fanuwho indicate that at a given 
tei:aper tu.re the thermal vibrational displacement of the atoms in 
genil!lnium is greeter than for those :l.n silicon., Thus it1 germanium 
tbe efficiency of energy t.~ansf'er by ~sns of' the crystal latt:1.ce 
int-eraction with the carriers is gr-;:ater and con occur at lower 
tet1tPeratures than in silicon. 

The ,em:! t t ance models of Figures 10 and 11 explain several 
experimental pbe.nomena: 

l. Bmi ttanae vr:1.lue,a approach zero at very low temperatures. 
Because the therm.al vibretions of the atoms in the crJstal lattice are 
reduced to ze~o tt very low temperatures energy transfer to the charge 
carrlers is impossible. 

2. N type materials, give a broad spectrum emittance. P 
ty;pe mteriala give a band type of spectral emittance. 

3. ae:rm.an:Lum gi ves consistently hig)ler va.lue,s of em:l.ttance 
th'1:2 doee silicon. 

4. &Qi t ·tanee depends upon number an.d lifetimes of the 
charge carriers. 

5. The models 11 :i,e compatible with one of the suggested 
eXiJ;>lanations for the anoml!llous emittance behavior of the intermediate 
N•si.stivity samples. 

The following experimentation should be conducted to 
de,term1ne the cause of' the anoltlilllous em.:l ttance .. te1nperature relation­
ship ot the inte1,nediate resistivity sampl es: 

l. Euli ttance measurements should be made on samples haVing 
dif:t'erent resistivities near 1 ohm-cm to determine whether or not the 
emittance peak shifts on the temperature scale with a change of 
resistivity. As an example., the emittance maxtmum of the 1 ohm-cm 
bQr,on doped, p type silicon sample occurs at about 120°K. If measure­
me,nts were to be made on oamples of tbe same m:aterial having resis­
tivttiea of about 0.5 ohm .. cm and 0.1 ohm-cm,one of two possible results 
coul.1d be expected: either the emittance maximum would retain its shape 
b1,1ili wouJ.d iilhift to lower "l:;em;peratures with dec:r:~easing :r-esiativities 
or :lt would greatly broaden but rematn at D10re o,r less the same 
te~erature. If such a teiq.perature shift does, o,ccur, 1 t woul.,d present 
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strong evidence that the anomalous effect takes place at an optimum charge carrier concentration corresponding to a maximum carrier lifetime. If such a shift does not occur then the carrier lifet,ime theory of emittance can be discounted. If the Pmi ttemoe max1Jm.un broadens but does not shift appreciably with changes in resistivity, then the neutral impurity atom color center theory would gain credence. 

2. Studies should be made on the intermediate resistivity materials rel1lting charge carrier lifetime to oonc,entration to determine if the lifetime max.ima do correlate with the emittance. 

3. Spectral emittance studies should be made on the inter­mediate res1s·tiv1t y samples at the temperatures of maximum emittance to· determine the energies o; the emitted re.citation. Such studies would be valuable in determining the energy levels involved in the charge carrier transitions. 

4. Emittance measuzements should be made on samples of different physical dimensions to la.sure that the results are not due to some intera ... tion between the carrier concentration and the physical dimensions of the SEIJXl.ple. 

5. Emittance measurements should be made on eamples having the same carrier concentration but different neutral atom concentration to dntermine if' the anomalies effect could be due ·to neutral atoms as mentioned previously. 

6. Studies should be made to determine if the emittance r:.nomalies co·Jld bP. o.ue to some h,:,steresis effect between emittance and temperature during the cooli°'~ process. The cooling should be reversed over short intervals of temperature to determine Bny possible emittance lag. 

SECTION VI 

MURE WORK 

'D.1is concludes the work of the present contract on the emittance of semiconducting materials. However, in view of the results obtained further studies should be pursued in order to bettP.r understand the mech&nism of semiconductor emittance and whioh couJ.d lead to a further understanding of the solid state. The suggested 
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9)qltlr:iment111, wh:Lcm r,e, describecl in Sect:l.on V, could lead to soi:in.e very 
u e:tbl mtthods ot aoDtrolling the tempere,ture-em,1 t tance relationship 
illl ge~um lllJtld 1110:on by vorying the inu>u.t"ity Levels. 

• SIC'l'lON VII 

OONCIJJSIONS• 

mn:tttan.ce-tec:iperature relations have been eatabliahed for 
o loo ot gemuium ond silicon having severe.l. different res1st1 vi t.i~ci,. 
'lbe e~pe:rimentol da ubstanti1te the gener l theory that emittance in 
• aem:Laonducting material de,pends upon the concentration of clia1•ge 
co.rrit:t-B preaea:G in tb.e sample. The emit•tance behavior of title :t.nter­
media1e rea1at1vity terials, however, irulicatea that at lee.st one 
ortbe:t" tactor 11 WlueDtial,. Available experimental datn indicates 
th t 1lih1a tactor could be e:2.the:r charge carrier lifetime o:t" neutral 
i~ty atom eoncentrotion. Add1t1Gnal. exper:IJnental data are required 
to sulbatant1ate or clloprove the effects of either or both o:f tbese 
posa:tbillties. 
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' t+.i,-'-•- ~ Ei:ld.ttance ]llea,urements as a function of' tempersture 1,ave ·t,eea performed on 
ga:,.'IPn,ium ~d silicon samples rep:res.entin,g· a wide range of' resistirlties. In 
pnelNl, emittance we.a tound to increase w:l .. th increasing t.emperature IPl:d increas­
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