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OBJECTIVES 

1. To learn about the components of a microwave spectrometer. 

2 .  To learn t o  operate the spectrometer. 

3. To understand the shape of the signal and record data in terms 
of frequency s h i f t s  and Q-changes. 

4. To understand the d i e l e c t r i c  properties of semiconductors: 
germanium and s i l i con .  

SUMMARY 

A cylindrical  microwave resonant cavity in TEOll mode i s  used t o  
study the d i e l e c t r i c  relaxation in germanium and s i l i con .  The 
samples of these semiconductors are  used t o  perturb the e l e c t r i c  
f i e l d  in the cavity and S l  a t e r ' s  perturbation equations a re  used 
t o  calcula te  the real and imaginary par ts  of the d i e l e c t r i c  
constant. The d i e l e c t r i c  loss of germanium and s i  1 icon i s  
studied a t  d i f fe ren t  temperatures and Debye's equations are  used 
t o  cal cul a t e  the re1 axation time a t  these temperatures. 

INTRODUCTION 

A number of experiments have been performed t o  invest igate the 
d i e l e c t r i c  properties o f  sol ids ,  1 iquids and gases a t  various 
frequencies ( r e f .  1-6). The present experiment i s  t o  study the 
d i e l e c t r i c  relaxation mechanism in germanium and si 1 icon. 



The microwave resonant technique has been used by several  
i n v e s t i g a t o r s  i n  t h e  pas t  and i t  has become a standard technique 
t o  study t h e  di e l  e c t r i  c behavior i n var ious compounds of 
i n t e r e s t .  Wong and Roberts ( r e f .  7 )  used a c y l i n d r i c a l  cav i ty  in  
TMOIO mode t o  study t h e  d i e l e c t r i c  p roper t i e s  of s o l i d s  and 
l i q u i d ! ~ .  Dahiya e t  al.  ( r e f .  8-10) used a microwave resonant 
c a v i t y  t o  s tudy d i e l e c t r i c  r e l axa t ion  mechanism i n  var ious polar  
and non polar  compounds. 

I t  has proven t o  be a very i n t e r e s t i n g  experiment t o  f ind  t h e  
die1 e c t r i c  response of a mater ial  near a phase t r a n s i t i o n  region, 
i . e ,  , goi ng from an ordered t o  a disordered phase. From 
rneasuriements of t h e  s t a t i c  d i e l e c t r i c  constant  of compounds as  a 
funct ion of t h e  temperature, important conclusions concerning 
molecular freedom may be drawn. The d i e l e c t r i c  response of a 
polar  l i q u i d  shows a l a r g e  change a t  t h e  f reez ing  poin t .  A 
typica l  example i s  t h a t  of water a s  s tudied  by Dahiya e t  a l .  
( r e f .  8 ) .  The drop i n  t h e  d i e l e c t r i c  constant  of water a t  t h e  
f reez ing  point  i s  caused by t h e  p a r t i a l  o r  complete l o s s  of 
r o t a t i o n a l  pol a r i  z a t i  on (freedom t o  r e o r i e n t )  , w h i  l e t h e  
e l  ec t ron i  c and v ib ra t iona l  pol a r i  z a t i  ons remain re1 a t i  vel y 
unchanged. 

In t h e  present  inves t iga t ion ,  d i e l e c t r i c  behavior of 
semiconductors, germani um and s i  l icon were s tudied  a t  d i f f e r e n t  
temperatures.  The sample under inves t iga t ion  was placed along 
t h e  v e r t i c a l  ax i s  of t h e  cav i ty .  The sample was taken i n  a 
c a p i l l a r y  tube and t h e  thermocouple leads were inse r t ed  i n t o  t h e  
c a p i l l a r y  tube t o  make a f i n e  contac t  with t h e  sample. The 
sample was then cooled by f lushing  cold ni t rogen gas around t h e  
cav i ty  and des i red  temperature was obtained. The temperature was 
then allowed t o  vary in  small s t e p s  and frequency s h i f t s  and Q- 
changes were recorded. 

EQUIPMENT CONFIGURATION AND THEORY 

The block diagram of t h e  microwave spectrometer used i n  this 
inves t iga t ion  i s  shown i n  Figure 1 t h a t  shows a l l  t h e  components 
needed t o  study t h e  die1 e c t r i  c re1 axation mechani sm. The source 
of t h e  microwaves was a 2K25 tunable  klystron made by Western 
E l e c t r i c .  The frequency produced by t h e  klystron v a r i e s  between 
8.8 t o  11.0 GWz. The klystron was powered by a Wewlett Packard 
7B5A power supply. The microwaves produced by t h e  klystron were 
guided by waveguides i n  t h e  x-band of frequency. The s ignal  
reaching t h e  d i r e c t i o n a l  coupler was divided i n t o  two p a r t s .  A 
p a r t  of this  s ignal  reaches t h e  microwave resonant c a v i t y  v ia  an 



attenuator and a wavemeter. The at tenuator was used t o  adjust  
the r igh t  amount of microwave power for  the sample being studied,  
The function of the wavemeter i s  t o  determine the exact frequency 
of the klystron by tuning i t  t o  the resonant frequency of the 
klystron. 

The next important device i n  t h i s  operation i s  a crystal  detector 
which i s  used fo r  the radio frequency wave. Crystal detectors 
have wide use in the microwave f i e l d  because of t h e i r  s e n s i t i v i t y  
and simp1 i c i  ty .  They are  used as "video detectors" t o  provide 
e i t h e r  a dc output when unmodulated microwave energy i s  applied, 
or  a low frequency ac output when the microwave signal i s  
modulated. The essent ia l  par ts  of a crystal  detector are  a 
semiconducting wafer and a metal "whisker" which contacts Lhe 
wafer. In the present experiment two such crystal  detectors were 
used, one of which was ins ta l led  i n  the reflectometer t o  provide 
dc output when the klystron modulated signal i s  ref lected from 
the resonant cavity.  Another crystal  detector was mounted in a 
direct ional  coupler t o  mix the modulated klystron signal w i t h  the 
n t h  harmonic waves from the standard frequency mu1 t i  p l  i e r .  

The purpose of modulating the microwave signal was as follows, 
The unmodulated signal from the klystron gives a very narrow 
frequency interval  as shown in the microwave power vs frequency 
curve i n  Figure 2a. W i t h  a signal l i k e  tha t  i t  i s  very difYicult  
t o  measure the s h i f t s  i n  frequencies and the Q-changes of the 
signal . An osci l l oscope horizontal sawtooth sweep voltage was 
applied t o  the repe l le r  of the klystron. This voltage was 
derived from the time base of a Tektronix model 533A dual channel 
oscilloscope t h a t  sweeps the klystron over the range of 
frequencies desired whi l  e simultaneously a chopper signal of 31 
kHz was impressed upon the klystron repe l le r  electrode t o  produce 
an ac signal of t ha t  frequency a t  the detector.  The modulated 
signal i s  shown in Figure 2b  and Figure 2c shows the ref lected 
power absorption by the resonant cavity.  As shown in Figures 3a 
and 3b, the power absorption by the cavity was modulated t o  g i v e  
a d i f f e ren t i a l  display of the resonance prof i le  i n  the form of a 
bu t te r f ly .  Figures 3c and 3d show the modulated signal before 
the sample under investigation was introduced in to  the cavity and 
a f t e r  the sample had been introduced respectively. The resonance 
frequency shif ted and the width of the signal changed as seen in 
Figure 3d. The modulated signal was amp1 i f ied by a pre-amp1 i f i e r  
and displayed on the  oscilloscope. 

Through the Webster 640P5158 direct ional  coupler, a par t  of t h e  
microwave signal was mixed with a standard frequency obtained 



from a Hewlett Packard 612A UHF signal generator. A Kenwood R- 
1000 radio receiver was used t o  detect  the frequency difference 
between the klystron resonant frequency and the standard 
frequency source. The resul t ing frequency difference yielded two 
markers which were displayed on the oscilloscope. These markers 
were used t o  record the frequency s h i f t s  and the Q-changes of the 
resonant signal as the cavity was loaded w i t h  the sample under 
i  nvestigation. 

A cylindrical  cavity in the TEOll  mode was designed. A long 
copper coil  was wrapped around the cavity and the cavity placed 
in a thermal bath. As the sample under invest igation i s  
introduced in to  the cavity i t  perturbs the e l e c t r i c  f i e l d  of the 
cavity and as a r e su l t  of t ha t  the resonant frequency s h i f t s  and 
the Q of the cavity changes. The frequency s h i f t s  a n d  Q-changes 
s f  the signal are  related to  the real and imaginary par ts  of the 
d i e l e c t r i c  constant through the Sl a t e r ' s  perturbation equations 
as  follows. ( r e f .  8) 

1 I  gs . Z d v  and A ( - )  = el1 
Q I Z * Z a  dV 

where 2 i s  the f i e l d  of the unperturbed cavity. Ea  i s  the 
microwave f i e l d  as applied t o  the cavity and E, i s  the f i e l d  of 
the sample i t s e l f ,  and v and V are the volumes of the sample and 
cavity respectively. 

The signal Q-change i s  fur ther  re la ted t o  the width of the signal 
by 

where f, i s  the resonant frequency of the system and W i s  the 
frequlency separation in Hertz of the resonance half-power 
 PO^ M & S .  



The real and imaginary parts  of the d ie l ec t r i c  constant ~ " n d  C" 
are fur ther  related t o  the relaxation time (T) using DebyeVs 
equations ( r e f .  11) as follows. 

where o = 2nfo. and E, i s  the value of the d ie l ec t r i c  
permitt ivity for  a s t a t i c  f i e ld .  

PROCEDURE 

The sample under investigation was taken in a f ine  capi l lary 
tube. A thermocouple was inserted into the tube t o  make a f ine  
contact with the sample inside the tube, The capi l lary tube was 
then inserted into  the microwave resonant cavity along the 
symmetry axis of the cavity to  ensure a sizeable perturbation of 
the microwave resonant signal .  The thermocouple was insertfed 
into  the capi l lary tube to  ensure i t  was making a f ine  cont.act 
with the sample inside tha t  tube. The i n i t i a l  readings of the  
temperature, and microwave frequency were recorded. The cavity 
was then cooled to  the desired temperature by c i rculat ing co ld  
nitrogen gas t h r o u g h  the copper tube wrapped around the cavity. 
The system was then allowed to  warm and the readings were taken 
by adjusting the markers on the center and l e f t  and r ight  peaks 
of the microwave resonant signal .  These readings were taken a t  
an interval of 1 ° C  t i l l  the desired temperature of the system was 
achieved. A t  each reading, suf f ic ien t  time was allowed to  elapse 
so tha t  the sample a n d  resonant cavity came t o  thermal 
equi l i bri u m .  

RESULTS A N D  CONCLUSION 

The frequency s h i f t s  and the width changes of the microwave 
resonant signal for  the semiconductors germanium and s i l icon were 
calculated by using S l a t e r ' s  perturbation equations 1 and 2 i n  a 
computer program written for  microwave spectroscopy studies.  As 
seen from these equations, the frequency s h i f t s  and the width 
changes are related t o  the real and the imaginary parts  of , the 
complex d ie l ec t r i c  constant. Figures 4 and 5 show the behavior 
of Q-changes of the signal ( b ( l / Q ) )  and frequency s h i f t s  (bf / f , )  
as a function of temperature. As seen in Figure 5,  the frequency 
s h i f t  increases with temperature with i t s  minimum value a t  
84.8 K .  Smakula e t  al. (Ref. 12) studied the d ie l ec t r i c  behavior 
of t h i s  semiconductor a t  very low temperature and i t  seemed t o  



have another minimum around 4 K. Figure 4 shows a similar 
behavior of the Q-change with a minimum value around 84.8 K and a 
maximum value around 196 K and i t  decreases as the temperature 
increases u p  t o  300 K .  The low temperature studies of t h i s  
material indicate another maximum around 10 K as shown by Smakula 
e t  a l .  (Ref. 1 2 ) .  Figures 6 and 7 show- behavior of Q-change and 
the frequency s h i f t  for  s i l icon between 70 K and 300 K. The 
re1 axition times for  these semi conductors were cal cul ated using 
equation 4 and were of the order of 10- l I - 1 0 - l ~  set. 

The bound electrons a n d  the f ree  car r ie rs  in a semiconductor 
material account for  the d ie lec t r i c  permittivity and the 
conductivity of the materi a1 . The bound electrons in the 
semiconductor can be categorized as the core electrons of the 
materi a1 s ,  the valence electrons, and the electrons from the 
impurity atoms. The valence electrons and the core electrons 
have excitat ions in the infrared frequency regions. The 
permittivity of these electrons may n o t  have any imaginary term 
and these electrons do n o t  show any temperature dependence a t  
very 1 ow temperature. However, the impurity electrons vary with 
temperature and thus affect  the complex permittivity or the 
die1 ec t r i  c constant of the materi a1 . 
In khi s i nvesti gati on, a mi crowave spectrometer was assembl ed to  
study the d ie lec t r i c  re1 axati on in various compounds of in teres t .  
The spectrometer was designed to  study these behaviors a t  very 
low temperatures. The technique was very successful in 
monitoring the d ie lec t r i c  behavior of germani um and s i  l i con. The 
main emphasis of t h i s  research was t o  create an advanced physics 
laboratory experiment in which undergraduate students were 
involved to  design the spectrometer piece by piece. The 
spectrometer was then used as a tool t o  study the d ie lec t r i c  
behavior of various polar and nonpolar compounds. Semiconductors 
germanium and s i  l icon were chosen for  the i r  d ie lec t r i c  behavior 
a t  low temperatures. The cooling system used in the microwave 
spectrometer was also designed by undergraduate students and was 
very ed-fi ci ent .  

The main purpose of t h i s  experiment was to  understand the 
function of each component of the microwave spectrometer and t o  
use i t .  as a technique to  monitor the d ie lec t r i c  behavior in 
semicc~nductors germanium and s i l icon a t  low temperatures. The 
detai l ed resul t s  of the d ie lec t r i c  re1 axati on in these 
semiconductors will be presented elsewhere as a continuation of 
th i s  experiment. 
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2 .  ( a )  Klystron mode shape (unmodulated width) .  

( b )  Klystron mode shape (modulated width) .  

(c )  Reflected power absorpt ion by c a v i t y .  



3. (a) Enlarged drawing f o r  power absorption by t h e  cav i ty .  

(b) F i r s t  d e r i v a t i v e  of resonance absorpt ion.  

(c)  Resonance absorption s ignal  (unperturbed).  

(d) Resonant frequency s h i f t  and width change due  t o  
i n s e r t i o n  of t h e  sample i n t o  the  cav i ty .  
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4 .  Microwave loss A(l/Q) as a function of temperature for a 
sample of semi conductor germani urn. 
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5. Frequency s h i f t  Af/fo as a function of temperature fo r  a 
sample of semi conductor germani urn. 
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A TRARY UNITS 

6 .  Microwave l o s s  A(l/Q) as  a function of temperature f o r  a 
sampl e of semi conductor s i  l i con. 
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7. Frequency s h i f t  hf / fo  as a  function of temperature for  a 
sample of semi conductor s i  1 icon. 
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