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PICOSECOND INTERBAND SATURATION AND INTRABAND RELAXATION OF PHOTOEXCITED 

CARRIERS IN GERMANIUM 

A.L. Smi r l , A. M i l l e r , G.P. Perryman and T .F . Boggess 

Department of Physios, North Texas State University, Denton, Texas 76203, U.S.A. 

Résumé - Nous présentons de nouveaux f a i t s expérimentaux concernant la 
saturat ion interbande du germanium a l ' éche l le picoseconde. Nous avons 
u t i l i s é la technique d'excitat ion-sonde pour une étude systématique de 
plaquettes de germanium c r i s t a l l i s é d'épaisseur 6 vm, en fonction de la 
température, de l 'énerg ie de l ' impuls ion exc i t a t r i ce et du retard exc i ta ­
t ion-sonde. Les impulsions sont produites par un laser à verre dopé au 
Néodyme. Les résul tats peuvent être interprétés avec succès en termes de 
remplissage dynamique de bandes par une d i s t r i bu t i on de porteurs chauds 
avec une contr ibut ion de l 'absorpt ion inter-bandes de valence dans le cas 
des plus for tes densités (~ l ( r u cm ) . Nous observons que l ' acc ro isse­
ment de la transmission de l ' é c h a n t i l l o n , dépendant de l ' i n t e n s i t é , peut 
dépasser 200 psec sous certaines conditions et que ceci est en accord 
soi t avec un refroidissement lent des porteurs chauds, so i t avec une d i f ­
fus ion. 

Abs t rac t - We repor t new s t r u c t u r e in the picosecond in terband s a t u r a t i o n 
of germanium. The e x c i t e - p r o b e techn ique has been employed i n an ex ten ­
s i ve study of a 6 - y m - t h i c k s l i c e of c r y s t a l l i n e germanium as a f u n c t i o n 
of t empera tu re , e x c i t e pu lse energy, and t ime delay between the e x c i t e 
and probe pulses from a Nd-glass l a s e r . The r e s u l t s can be i n t e r p r e t e d 
success fu l l y i n terms of a dynamic b a n d - f i l l i n g by a hot c a r r i e r d i s t r i ­
bu t i on w i t h in te rva le t i ce-band absorp t ion c o n t r i b u t i n g at t he h ighest 
c a r r i e r d e n s i t i e s (~10 z o c m - 3 ) . An i n tens i t y -dependen t r i s e i n sample 
t ransmiss ion i s observed t h a t can exceed 200 psec under c e r t a i n 
c o n d i t i o n s and tha t i s c o n s i s t e n t w i t h e i t h e r a slow c o o l i n g of the hot 
c a r r i e r s or w i t h d i f f u s i o n . 

I n v e s t i g a t i o n s of t h e n o n e q u i l i b r i u m e l e c t r o n i c p r o p e r t i e s of semiconductors on 

a picosecond t ime scale are s t i l l comparat ive ly r a r e , and our knowledge of u l t r a f a s t 

t r a n s i e n t processes at la rge c a r r i e r d e n s i t i e s i s l i m i t e d , even though the rewards 

from a grea te r understanding of these processes could be high i n terms of u l t r a f a s t 

dev ice a p p l i c a t i o n s , l ase r a n n e a l i n g , and laser damage mechanisms. Since 1974, var ­

ious op t i ca l e x c i t e and probe techniques have been employed in an ex tens ive 

study of the picosecond e v o l u t i o n of nonequ i l i b r i um h i g h - d e n s i t y photogenerated 

c a r r i e r d i s t r i b u t i o n s in germanium. These s tud ies have demonstrated the importance 

of paramet r i c c o u p l i n g , » 3 » 1 4 Auger recomb ina t ion , ' 1 2 phonon-assis ted c a r r i e r c o o l ­

i n g , 5 ' 1 1 , 1 2 ' 1 5 d i f f u s i o n , 2 , 1 i n te rva lence-band a b s o r p t i o n , 2 ' 1 7 and the dynamic 

Moss-Burs te in s h i f t of the absorp t ion edge (band f i l l i n g ) 3 , 5 ' 1 2 , 1 5 i n de termin ing 

the picosecond dynamics of t he in terband absorp t ion of germanium. Never the less , 

se r i ous quest ions remain regard ing the dynamics of t he photoexc i ted excess c a r r i e r s 
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and t h e  prec ise mechanisms by which they re lax,  i n  s p i t e  o f  considerable e f f o r t s  t o  

t h e o r e t i c a l l y  model the  poss ib le  phys ica l  mechanisms involved.7~10,11,18~19 

Recently, we have employed the  excite-probe technique i n  an extensive study o f  

t h i n  wafers o f  s ing le -c rys ta l  germanium as a func t ion  o f  sample temperature, sample 

thickness, sample surface preparat ion, e x c i t e  pulse energy, and t ime delay between 

t h e  e x c i t e  and probe pulses from a Nd-glass l a s e r  w i t h  much improved beam character- 

i s t i c s .  I n  the  present work, we repor t  new s t r u c t u r e  i n  t h e  picosecond in terband 

sa tu ra t ion  dynamics o f  a  6-vm-thick s l i c e  o f  germanium a t  100 K. The r e s u l t s  can be 

i n t e r p r e t e d  successfu l ly  i n  terms o f  a  dynamic b a n d - f i l l i n g  by a ho t  c a r r i e r  d i s t r i -  

bu t ion  w i t h  intervalence-band absorpt ion (and poss ibfy  d i f f u s i o n )  c o n t r i b u t i n g  a t  

t h e  h ighest  c a r r i e r  dens i t i es  (-1020 cm-3). 

The Nd-glass l a s e r  produced a t r a i n  o f  approximately 40 u l t r a s h o r t  pulses a t  

1.06 pm. By care fu l  alignment and apertur ing, the  l a s e r  cons is ten t l y  produced a 

TEMOO s p a t i a l  output mode. An e lec t ro -op t i c  s h u t t e r  i s o l a t e d  a s i n g l e  pulse o f  

7 psec (FWHM) durat ion, as determined by type I second harmonic au tocor re la t ion  

techniques. This pu lse was d iv ided  i n t o  two p a r t s  by a beam s p l i t t e r  and a va r iab le  

delay was introduced i n t o  one path. The delayed pulse (probe) was attenuated by a 

f a c t o r  greater  than lo3. The two pulses, the  e x c i t e  and probe, were recombined 

a f t e r  focusing a t  a  small angle on the  surface o f  a  s lab  o f  c r y s t a l l i n e  germanium 

h e l d  i n  a variable-temperature, closed-cycle r e f r i g e r a t o r  (Fig. 1). 

X EXCITE PULSE 
Fig. 1: Schematic o f  experimental 

technique. 

The s i n g l e  c r y s t a l  germanium sample, which was mounted on a glass substrate, was 

pol ished and syton-etched t o  a thickness o f  5.7 (+0.5) pm, as determined by i n t e r -  

ferometr ic  techniques. The sample temperature was monitored w i t h  a thermocouple a t -  

tached d i r e c t l y  t o  the  c rys ta l .  The measured e x c i t e  beam diameter was 200 vm (FWHM) 

a t  the  c r y s t a l  surface; t h e  probe beam was h a l f  t h i s  size, t o  ensure t h a t  the  center 

o f  the  exc i ted  area was monitored. A l l  beam p r o f i l e s  (both before and a f t e r  focus) 

were determined by scanning the  beam w i th  a small p inho le  and were checked w i t h  an 



o p t i c a l  mult ichannel analyzer  (v id i con  detector).  The unattenuated peak exc i te -  

pu lse f luence a t  the sample was 100 mJ/cm2, corresponding t o  a  peak i r rad iance  o f  

approximately 13 Gw/crn2. Experiments were c a r r i e d  ou t  i n  two separate, bu t  r e l a t e d  

ways: (1) f o r  s p e c i f i c ,  f i x e d  e x c i t a t i o n  energies, the probe pulse transmission was 

measured as a  func t ion  o f  delay a f t e r  t h e  e x c i t e  pu lse and (2) a t  f i x e d  delays, the  

v a r i a t i o n  o f  the  probe transmission was measured as a  func t ion  o f  i nc iden t  exc i te -  

pu lse energies. 

I n  experiments o f  the  f i r s t  type, we found t h a t  t h e  t ime requi red f o r  t h e  probe 

transmission t o  a t t a i n  i t s  maximum value depends s t rong ly  on the  e x c i t e  pulse 

f luence ( i n t e n s i t y ) .  The transmission o f  the p, obe pulse was measured as a  func t ion  

o f  t ime delay f o r  f i x e d  e x c i t a t i o n  l e v e l s  o f  68 mrl/cm2 (- 9 G W / C ~ ~ ) ,  21  mrl/cm2 

(-3 Gw/cm2), 15 mrl/cm2 ( - 2  Gw/cm2), 6  mrl/cm2 ( - 0.8 Gw/cm2), and 3  mJ/cm 

(-0.4 Gw/crn2). The r e s u l t s  f o r  th ree  o f  these e x c i t a t i o n  energies are shown i n  

Fig. 2. Each data p o i n t  shown i s  the  average o f  t e n  l a s e r  shots. E r ro r  bars have 

been omitted f o r  c l a r i t y .  Note t h a t  t h e  probe transmission has been p l o t t e d  i n  

a r b i t r a r y  u n i t s  t h a t  a re  normalized t o  roughly the  same peak value f o r  each exc i ta -  

t i o n  leve l  t o  f a c i l i t a t e  a  d i r e c t  comparison o f  the  transmission r i se .  At  

r e l a t i v e l y  low e x c i t a t i o n  f luences o f  rought ly  3  mrl/cm2, the probe transmission 

r i s e s  r a p i d l y  and i s  ind is t ingu ishab le  from t h e  i n t e g r a l  o f  t h e  e x c i t e  i n t e n s i t y  

envelope. At 6  mrl/cm2, however, the  probe transmission r i i e s  much more slowly, 

t a k i n g  approximately 200 psec t o  a t t a i n  i t s  peak value. At i n t e n s i t i e s  above 

6  mrl/cm2, the r i s e  becomes inc reas ing ly  rap id u n t i l  a t  68 rn~/cm' t h e  r i s e  has the  

form o f  an i n t e g r a t i o n  e f f e c t  once again. A l l  e x c i t a t i o n  leve ls ,  i n c l u d i n g  those 

not shown i n  Fig. 2  f o r  c l a r i t y ,  smoothly and reproducib ly  f i t  t h i s  trend. 

I I Fig. 2: E x c i t a t i o n  dependence 
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I n  experiments o f  the  second type, t h e  probe transmission has been measured as 

a  func t ion  o f  e x c i t a t i o n  energy a t  f i x e d  delays o f  0, 15, 50, 150, and 250 psec. 

The r e s u l t s  f o r  fou r  o f  these delays are shown i n  Fig. 3. The probe transmission a t  

various f i xed  delays increases from i t s  Beer's law value, showing a  prev ious ly  
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unobserved l e v e l i n g  o f f  a t  approximately 1% as the  e x c i t e  energy i s  increased. At 

larger ,  f i x e d  delays, t h i s  bleaching i s  more pronounced, and the  probe transmission 

tu rns  over and a c t u a l l y  decreases a t  the h ighest  e x c i t e  levels .  This behavior has 

been shown t o  be consis tent  w i t h  t h e  onset o f  intervalence-band t r a n s i t i o n s  from t h e  

s p l i t - o f f  valence band t o  the  l i g h t  and heavy-hole valence bands a t  h igh exc i ta t ion .  

levels.17 This turnover  i n  the  germanium transmission was not resolved i n  e a r l i e r  

studies, p r i m a r i l y  because we could not  cons t ra in  our previous l a s e r  systems t o  

operate i n  a s i n g l e  t ransverse Gaussian mode wh i le  producing shor t  well-mode-locked 

pulses. Damage caused by "hot spots" i n  the  multimode beams produced by previous 

systems prevented our ' reaching t h e  e x c i t a t i o n  leve ls  repor ted here. The l a r g e s t  

energies reported i n  Fig. 3 are w i t h i n  a f a c t o r  o f  2 o f  the  threshold f o r  sample 

damage. I n  fact ,  the  multimode nature o f  the  pulses used i n  previous s tudies pre- 

vented an .accurate c a l i b r a t i o n  o f  the  fluence, independent o f  the  technique 

chosen. The reader should be skep t i ca l  o f  exact f luences quoted f o r  such muil t imode 

systems. The e x c i t a t i o n  energy dependence o f  the  r i s e  i n  probe transmission 

repor ted i n  Fig. 2 can a lso be deduced from Fig. 3 by t r a c i n g  the probe transmission 

versus t ime f o r  constant e x c i t a t i o n  energies. The arrows along t h e  o rd ina te  i n  

Fig. 3 mark the e x c i t a t i o n  energies chosen f o r  the  variable-delay s tud ies described 

i n  the  previous paragraph. 

• DELAY: 

ml/cm2 

10-1 _, l , , , , , 1 , , , , , , , , , , , , , , , , , , , 1 10 100 Fig. 3: Measured probe transmis- 

. .. 0 PSEG 
A 15 PSEC 

5 0  PSEC 
250 PSEC 

r THICKNESS:. 5 . 7 p m  
- TEMPERATURE: lOOK - 

Germanium i s  an i n d i r e c t  gap semiconductor whose band s t r u c t u r e  i s  we1 l 

known. The re levant  features are sketched i n  Fig. 4. The opt ica l ly -coupled s ta tes  

f o r  d i r e c t  absorpt ion between the  l i g h t  and heavy-hole valence bands and the conduc- 

t i o n  band and f o r  d i r e c t  absorpt ion between t h e  s p l i t - o f f  valence band and t h e  l i g h t  

and heavy-hole valence bands are shown i n  Fig. 4 f o r  1.06 vm (1.17 eV) l i g h t .  The 

nonparabol ic i ty  o f  the  cen t ra l  conduction band va l ley  was considered i n  determining 

the coupled energies. Thus, us ing 1.06pm l i g h t ,  e lect rons can i n i t i a l l y  be exc i ted  

from t h e  l i g h t  and heavy- ho le  valence bands t o  s ta tes  i n  the  cen t ra l  conduction 

band va l ley  t h a t  are higher than the  minima i n  t h e  [l111 o r  [ l o o ]  d i rec t ions .  

s ion  versus e x c i t a t i o n  
f luence f o r  various f i x e d  
t ime delays. 



Immediately fo l l ow ing  exc i ta t ion ,  these photoexcited c a r r i e r s  w i l l  be scat tered from 

t h e i r  i n i t i a l  s ta tes by c a r r i e r - c a r r i e r  and carr ier-phonon in te rac t ions .  E lect rons 

deposited i n  the  cen t ra l  va l ley  can reach the other  conduction band va l leys by long 

wavevector phonon scat ter ing.  The c a r r i e r s  w i l l ,  on some t ime scale, lose energy 

(coo l )  w i t h i n  t h e i r  respect ive bands by phonon emission. A complete p i c t u r e  o f  the  

c a r r i e r  dynamics must a lso  account f o r  t h e  e f f e c t s  o f  d i f f u s i o n  and e lect ron-hole 

recombi n a t i o n . l 5 ¶ l 6  

The enhanced transmission o f  a h igh i n t e n s i t y  e x c i t a t i o n  pulse (Fig. 3 )  occurs 

through the  dynamic Moss-Burstein s h i f t  o f  the absorpt ion edge (band f i l l i n g )  caused 

by t h e  la rge  number o f  generated  carrier^.^.^ The exact magnitude o f  t h e  absorpt ion 

change w i l l  depend on both t h e  c a r r i e r  number and c a r r i e r  temperature. Using known 

band parameters f o r  germanium, a simple densi ty-of -s tates c a l c u l a t i o n  shows t h a t  a t  

low l a t t i c e  and c a r r i e r  temperatures, i t  requi res approximately 7 X 1018 holes 

t o  move t h e  quasi-Fermi l e v e l  t o  t h e  i n i t i a l  s ta tes  i n  t h e  heavy-hole valence band 

and 4 X 1019 holes f o r  the light-mass band. The equiva lent  numbers f o r  t h e  

conduction band are much h igher  ( -5  X 1020 c N 3 )  because o f  t h e  la rge  number o f  high 

e f f e c t i v e  mass s ide va l leys  t h a t  must a lso  be f i l l e d  t o  the  l e v e l  o f  the  o p t i c a l l y -  

coupled states. Thus, we expect t h a t  the  p r i n c i p l e  sa tu ra t ion  o f  the d i r e c t  i n t e r -  

band t r a n s i t i o n s  w i l l  be caused by a deplet ion o f  valence e lec t rons  i n  t h e  l i g h t  and 

heavy-hole bands. More than 1 X 1020 holes are required, a t  low l a t t i c e  and 

c a r r i e r  temperatures, t o  lower the  quasi-Fermi leve l  i n  the  valence band t o  a pos i -  

t i o n  where t h e  f i n a l  s ta tes  are a v a i l  ab le f o r  d i r e c t  i n t e r v a l  ence-band t r a n s i t i o n s  

between t h e  s p l i t - o f f  valence band and the heavy and l i g h t - h o l e  valence bands. 

Thus, i n  p r i n c i p l e ,  a t  low e lec t ron  temperatures, t h e  d i r e c t  in terband t r a n s i t i o n s  

can be completely saturated before the  onset o f  intervalence-band absorption. 

Fig. 4: Sketch o f  re levant  
features o f  the  germanium 
band st ructure.  

The occupancy of the o p t i c a l  ly-coupled s ta tes  and, consequently, t h e  transmis- 

s ion  are determined not  on ly  by the  number o f  c a r r i e r s  but a lso  by t h e i r  l o c a t i o n  i n  
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t h e  va r ious  bands. The e l e c t r o n s  a re  i n i t i a l l y  depos i ted i n t o  t h e  conduct ion band 

w i t h  an excess energy o f  approx imate ly  0.5 eV, b u t  c a r r i e r - c a r r i e r  s c a t t e r i n g  

ensures r a p i d  t h e r m a l i z a t i o n  o f  bo th  t h e  e lec t rons  and holes. The r e s u l t i n g  Fermi- 

l i k e  d i s t r i b u t i o n s  f o r  both  c a r r i e r  types can be cha rac te r i zed  by a  temperature s i g -  

n i f i c a n t l y  above t h a t  o f  t h e  l a t t i c e .  A h i g h  c a r r i e r  temperature such as t h i s  i n i -  

t i a l l y  r e s u l t s  i n  a  lower  t ransmiss ion  s i n c e  t h e  e l e c t r o n s  and ho les  a re  l o c a t e d  

h igh  i n  t h e i r  respec t i ve  bands. As t h e  c a r r i e r  d i s t r i b u t i o n  g i ves  i t s  energy t o  t h e  

l a t t i c e  by phonon emission ( coo l i ng ) ,  t h e  t ransmis i son  should r i se .  

We have performed a s t r a i g h t f o r w a r d  numerical  c a l c u l a t i o n  f o r  t h e  t ransmiss ion  

o f  t h e  e x c i t e  pu l se  by i n t e g r a t i n g  over t h e  c r y s t a l  t h i ckness  us ing  t h e  we1 l -known 

band parameters t o  determine t h e  i n i t i a l  and f i n a l  s t a t e s  f o r  valence-to-conduct i o n  

band and in terva lence-band t r a n s i t i o n s .  Gaussian temporal  and s p a t i a l  p r o f i l e s  were 

assumed f o r  t he  l a s e r  pulse. Comparison o f  t h e  e x c i t e  pu l se  data  ( i d e n t i c a l  t o  

0  de lay  i n  Fig.  3 )  w i t h  two extreme cases f o r  t h e  c a l c u l a t i o n  shows t h a t  t h e  t r a n s -  

m iss ion  i s  t o o  low f o r  t h e  c a r r i e r s  t o  be a t  t h e  temperature o f  t h e  l a t t i c e  d u r i n g  

t h e  passage o f  t h e  e x c i t e  pulse, b u t  t o o  h i g h  f o r  t h e  c a r r i e r s  t o  have main ta ined 

a l l  o f  t h e i r  excess energy above t h e  band gap d u r i n g  generat ion. A c h a r a c t e r i s t i c  

temperature i n  t h e  range 600 - 700 K g ives good agreement w i t h  t h e  measurements. I n  

t h i s  case t h e  maximum c a r r i e r  concen t ra t i on  p r e d i c t e d  a t  t h e  h ighes t  e x c i t a t i o n  

energ ies  i s  approx imate ly  2  X 10" a t  t h e  f r o n t  su r face  dropp ing t o  8 X 1019 

a t  t h e  back su r face  o f  t h e  c r y s t a l .  That i s ,  t h e  s p a t i a l  d i s t r i b u t i o n  of ca r -  

r i e r s  i s  w i t h i n  a  f a c t o r  o f  3  o f  be ing un i fo rm a t  t h e  h ighes t  e x c i t a t i o n  l e v e l s .  

Using t h e  p r e d i c t e d  c a r r i e r  concen t ra t i ons  determined by t h e  passage o f  t h e  ex- 

c i t e  pulse, we then c a l c u l a t e d  t h e  expected probe t ransmiss ion  assuming va r ious  

values f o r  t h e  c a r r i e r  temperature. D i f f u s i o n  and recombinat ion e f f e c t s  were ne- 

g lec ted  d u r i n g  t h i s  p o r t i o n  o f  t h e  study. The r e s u l t s  a re  shown i n  F ig .  5. No t i ce  

t h a t  t h e  parametr ic  dependence o f  t h e  numerical  l y - c a l  cu la ted  probe t ransmiss ion  on 

temperature i s  i d e n t i c a l  t o  t h e  measured dependence o f  t h e  probe t ransmiss ion  on 

t ime  (F ig .  3). I f  t h i s  correspondence i s  c o r r e c t ,  i t  i m p l i e s  a  slow c o o l i n g  o f  t h e  

h o t - c a r r i e r  d i s t r i b u t i o n  t h a t  can exceed 200 psec. Th is  i s  much slower than would 

be expected from a much more compl icated, d e t a i l e d  c a l c u l a t i o n  o f  t h e  c o o l i n g  r a t e  

u s i n g  t h e  accepted electron-phonon coup l i ng   constant^.^,^^,^^ However, slower cool  - 
i n g  mechanisms have r e c e n t l y  been suggested i n v o l v i n g  an o p t i c a l  phonon bo t t l eneck  13 

o r  a  screen ing o f  t h e  electron-phonon in teract ion. ' '  No t i ce  t h a t  our s imple  parame- 

t r i c  a n a l y s i s  avoided t h e  comp l i ca t i on  of knowing t h e  exact  value o f  t h e  coup l i ng  

constants  o r  c a l c u l a t i n g  t h e  c o o l i n g  ra te .  It on ly  requ i red  a  c a l c u l a t i o n  o f  t h e  

d i r e c t  and in terva lence-band abso rp t i on  c o e f f i c i e n t s  as a  f u n c t i o n  o f  c a r r i e r  

dens i t y  and c a r r i e r  temperature. 

A s i m i l a r  parametr ic  s tudy i n v o l v i n g  t h e  e f f e c t s  o f  Auger recombinat ion i n  

which t h e  c a r r i e r s  were assumed t o  i n s t a n t l y  coo l  t o  l a t t i c e  temperature f o l l o w i n g  



t h e  e x c i t e  pulse, produced a dependence o f  the  probe transmission on t ime and exc i -  

t a t i o n  l e v e l  i n  d i r e c t  disagreement w i t h  experimental resul ts .  

mllcm2 

Fig. 5: Theoret ical l y  ca l  cu- 
l a t e d  probe transmission 
versus e x c i t a t i o n  f luence 
f o r  various assumed car- 
r i e r  temperatures. 

Other mechanisms have been considered a t  l e a s t  q u a l i t a t i v e l y .  A model i n  which 

t h e  c a r r i e r s  are assumed t o  have an elevated temperature dur ing  t h e  generat ion pro- 

cesses, a re  assumed t o  cool i n s t a n t l y  (compared t o  the  o p t i c a l  pulsewidth) f o l l o w i n g  

t h e  e x c i t e  pulse, and then assumed t o  d i f f u s e  away from t h e  sample surface ' i n t o  the  

bulk has a lso  produced q u a l i t a t i v e  agreement w i t h  the  observed tendencies i n  t h e  

data. More q u a n t i t a t i v e  s tud ies are underway. The e f f e c t s  o f  d i f f u s i o n  can be ex- 

perimental l y  i d e n t i f i e d  by repeat ing the  above studies on even t h i n n e r  samples. For 

a sample th ickness on the  order o f  the  inverse o f  the  d i r e c t  absorpt ion c o e f f i c i e n t  

(0.7 pm), the  c a r r i e r  densi ty  can be expected t o  be approximately homogeneous a t  a l l  

e x c i t a t i o n  levels. Such samples have now been produced and such studies are now un- 

derway. 

F i n a l l y ,  we note t h a t  t h e  measurements described here have been performed f o r  

l a t t i c e  temperatures o f  35 K, 100 K, 150 K, 200 K, and 300 K. The t ime requi red f o r  

t h e  sample t o  e x h i b i t  i t s  peak transmission i s  found t o  a lso  depend on tempera- 

ture. The dependence o f  the  picosecond o p t i c a l  response o f  ge\rmanium on sample tem- 

perature and thickness w i l l  be repor ted and analyzed i n  f u t u r e  publ icat ions.  
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