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LPE GROWTH AND CHARACTERIZATION OF CADMIUM AND BERYLLIUM DOPED I n P  

AND In 7Ga 3 A ~ e 6 P - 4  

A. Perronnet, J. Magnabal, D. Sigogne, D. Huet and J. Benoit 

Laboratoires de Marcoussis, Centre de Recherches de la C.G.E.,Route de 
Nozay, F-91460 Marcoussis, France 

Resume. Cet a r t i c l e  t r a i t e  de l ' e t u d e  des couches e p i t a x i a l e s  de InP 
e t . 7 G a . 3 A s . g P . q  rea l i sees  sur  subst rat  de InP par  l a  technique a 
deux phases e t  dopees au bery l l i um e t  au cadmium. 

Apres a v o i r  d e c r i t  l e s  condi t ions de croissance propres a l ' e m p l o i  
de ces dopants on analysera l e s  p ropr ie tes  e lec t r iques  e t  opt iques de 
ces couches e p i t a x i a l e s  8 l a  lumiere de r e s u l t a t s  de mesures de photo- 
luminescence (4,2 K - 300 K) e t  d ' e f f e t  H a l l  (77 K - 300 K). On deter-  
minera l e s  energies d ' i o n i s a t i o n  des niveaux accepteurs associes a 
ces impuretes. On analysera egalement l a  v a r i a t i o n  de l a  m o b i l i t e  en 
f o n c t i o n  du dopage. 

Abstract.  Proper t ies o f  cadmium and bery l l i um doped InP and 
I n  a 3As.6P 4 layers  grown by l i q u i d  phase ep i taxy  by the two phase 
tei6:irue w ~ l l  be s tud ied i n  t h i s  paper. 

Growth condi t ions r e l a t e d  t o  the use o f  these dopants w i l l  be described. 
E l e c t r i c a l  and o p t i c a l  p roper t ies  o f  the grown layers  w i l l  then be 
s tudied from photoluminescence (4.2 K - 300 K)  and H a l l  e f f e c t  measu- 
rements (77 K - 300 K). I o n i z a t i o n  energies o f  the acceptor l e v e l s  
associated t o  these i m p u r i t i e s  w i l l  be determined. Mobi l  i t y  v a r i a t i o n  
versus doping l e v e l  w i l l  a l s o  be studied. 

1. I n t r o d u c t i o n  

The e labora t ion  o f  submicronic devices requi res n o t  on ly  a p rec ise  con t ro l  o f  the 
thickness o f  very t h i n  e p i t a x i a l  l ayers  bu t  a lso  o f  the doping leve l  f o r  n  and p 
type i m p u r i t i e s  and o f  the  l o c a l i z a t i o n  of the  p-n junc t ions  made w i t h  these impu- 
r i t i e s .  The example o f  bu r ied  he te ros t ruc tu re  l a s e r  [I] i n  which the p-n j u n c t i o n  plane 
o f  the b lock ing  regrown layers  has t o  be posi t ioned w i t h  a p rec is ion  o f  0.1, 0.2 pm 
r e l a t i v e  t o  the  a c t i v e  reg ion plane i s  a  c l e a r  i l l u s t r a t i o n  o f  such a statement. The 
processing o f  such devices by l i q u i d  phase epi taxy becomes easier  when one can use 
p and n type dopants which f u l f i l l  t h e  f o l l o w i n g  requirements : a low d i f f u s i v i t y  
(good l o c a l i z a t i o n ) ,  a  h igh e f f e c t i v e  s o l u b i l i t y  (wide range o f  e l e c t r i c a l l y  a c t i v e  
doping w i thou t  c r y s t a l  p roper t ies  de te r io ra t ion ) ,  a  low d i s t r i b u t i o n  c o e f f i c i e n t  
together w i t h  a h igh atomic weight (doping l e v e l  easy t o  con t ro l  by weighing) and a 
low vapor pressure (prec lud ing dopant losses and me l t  contaminat ion).  
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For the  InP, Inl-xGaxAsyP1- system t i n  and germanium doping can be considered as 
good n type dopants. For p i ype  dopants the  s i t u a t i o n  i s  n o t  so sa t i s fac to ry ,  since 
z inc which i s  more o f t e n  used presents many inconvenients such as a h igh  d i s t r i b u -  
t i o n  c o e f f i c i e n t ,  a h igh d i f f u s i v i t y  and a r e l a t i v e l y  h igh vapor pressure. The o ther  
candidates f o r  p t ype  doping a re  Be, Cd, Mg and Mn. Due t o  t h e  unusefulness o f  Mg 
owing t i t s  s t rong r e a c t i v i t y  w i t h  oxygen together  w i t h  a ver  h igh  d i f f u s i v i t y  8 (D = 10 cm2/s a t  6OO0C) [2] and t o  the depth (Ea = 270 me") f3] o f  the  Nn acceptor 
l e v e l s  i n  InP which precludes h igh doping leve ls ,  we have chosen i n  t h i s  work t o  
study the growth and the  p roper t ies  o f  LPE layers  of indium phosphide and 
I n  7Ga 3As.6P 4 ( A  = 1,3 vm) doped w i t h  cadmium and b e r y l l i u m  since from prev ious ly  
publ ished d a t i  P, 4, 5, 6, 7, 8, 9, 101 (Table I) these dopants seem t o  have b e t t e r  
doping p roper t ies  than z inc  i f  one excepts the  h igh vapor pressure o f  cadmium. 

Table I 

2. E p i t a x i a l  growth 

The doped layers  which have been studied were grown i n  the  same condi t ions ( f i g .  1) 
as the  a c t i v e  layer ,  o r  the p type confinement layer ,  o f  c l a s s i c a l  double hetero- 
s t r u c t u r e  on n type substrate made i n  our  labora to ry  and which a re  designed t o  make 
LED and lasers.  The growth temperature o f  such layers  i s  635°C. The growth technique 
i s  the  two-phase one, t h e  he ig th  o f  t h e  so lu t ions  was 3.5 mm, the  hydrogen f l o w  r a t e  
was 4 1 / min . The so lu t ions  were e n t i r e l y  covered w i t h  an InP s i n g l e  o r  poly- 
c r y s t a l  source which was i t s e l f  covered w i t h  a g raph i te  p l a t e  l i m i t i n g  so me l t  conta- 
minat ion due t o  dopant evaporat ion. Before growth, the mel ts  were homogeneized 
dur ing 1 h a t  675OC. The p u r i t y  o f  the  doping mater ia l  was 6 N f o r  Cd and on ly  4 N 
f o r  Be. 



Figure 1 
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The amount of dopant i n  t h e  mel ts  has var ied  from 10-3 t o  10- I  f o r  Cd and from 10-4 
t o  10-2 f o r  Be. For t h i s  doping range t h e  layers  were smooth and uni form and d i d  no t  
e x h i b i t  any p a r t i c u l a r  type o f  defects  l i k e  p r e c i p i t a t e s .  One cannot say however t h a t  
the dopant does no t  a f f e c t  t h e  growth s ince i t  has been observed t h a t  any increase 
i n  t h e  Cd amount i n  t h e  me1 t above a value Q 1 % g ives a corresponding increase o f  
the growth r a t e  o f  quaternary layers  ( f i g .  2). 
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Figure 2 

This  e f f e c t  which was n o t  observed w i t h  indium phosphide can be ascr ibed t o  a modi- 
f i c a t i o n  o f  the  l i q u i d u s  quaternary composit ion a t  t h e  growth and a subsequent 
temperature v a r i a t i o n  o f  t h e  composition o f  the  quaternary grown mate r ia l  [ll] , 
Such a hypothesis may, a t  l e a s t  i n  part,  exp la in  the  s h i f t  o f  the  photoluminescence 
peak wavelength observed as the  Cd content  i n  the s o l u t i o n  increases ( f i g .  3).  

T I M E  

$-.z 

For the case o f  Cd doping i t  has been v e r i f i e d  that ,  i n  o u r  growth cond i t i ons  and 
presumably due t o  both e f f e c t s  o f  a c lose cover o f  the  me l t  and o f  a h igh hydrogen 
f l o w  rate,  i f  t h e  evaporat ion o f  dopant cannot be avoided, the contaminat ion o f  o ther  
mel ts  by Cd i s  no t  e f f e c t i v e .  Th is  has been v e r i f i e d  by evaluat ing by H a l l  measurements 
the e l e c t r o n i c  concentrat ion o f  an undoped InP l a y e r  which was grown from a two-phase 
covered me l t  placed j u s t  behind the  Cd do ed mel t .  I t was found t h a t  t h i s  l a y e r  was 
o f  n type w i t h  a concentrat ion o f  2 . 10lg cm-3 which i s  t h e  background doping value 
we f i n d  i n  our  equipement when two-phase growth i s  used. 
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Figure 3 

3. E f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  

The e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  Cd and Be has been determined from H a l l  
measurements. This c o e f f i c i e n t  was taken equal t o  the  r a t i o  o f  the hole dens i t y  a t  
room temperature t o  the i m p u r i t y  atomic dens i t y  i n  the mel t .  

Hole cwcentiatton of Cd doped InP mcarured at 300K 

m s  Cd atomic fraction in the melt 

16 
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wort 

- Fujita 

". .." 

Hole concentration of Cd doped Ga,31n.ps,6~measured 

at 3001 versus Cd atomic % i n  the melt. 

Figure 4 F igure 5 

From f i g u r e s  4 and 5 i t  can be seen t h a t  the r e s u l t s  obtained i n  t h i s  work agree 
q u i t e  we l l  w i t h  p rev ious ly  ub l ished data 13, 5, 61 . The apparent discrepency 
between FUJITA's r e s u l t s  [72 and ours concerning t h e  k  value f o r  quaternary mater ia l  
owns t o  the f a c t  t h a t  we have taken i n t o  account t h e  v a r i a t i o n  o f  the  dens i t y  o f  the 
s o l i d  w i t h  the  quaternary composition. 



- OUR W R K  

O--- ABRAMS 

%Be 

: Hole concentrat ion o f  Be 
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F i  u re  7 : Hole concentrat ion o f  Be 
n.7Ga 3As.gP.q versus Be a$a-I- 

atomic f r a c t i o n  i n  the me l t  

From f i g u r e s  6 and 7 concerning Be doping d i f f e r e n t  statements have t o  be made. F i r s t  
the  s c a t t e r i n g  o f  the  experimental data i s  more important than f o r  Cd. Second from 
our  r e s u l t s  one can observe a s t rong sa tu ra t ion  e f f e c t  i n  the  e f f e c t i v e  doping when 
the  b e r y l l i u m  f r a c t i o n  i n  t h e  me l t  exceeds 1 %. Th is  sa tu ra t ion  corresponds t o  a hole 
concentrat ion o f  2 . 1018 cm-3 holes f o r  indium phosphide and t o  1019 f o r  
quaternary layers.  T h i r d  t h a t  ou r  data a re  very d i f f i c u l t  t o  f i t  w i t h  an e f f e c t i v e  
value o f  k = 1 prev ious ly  publ ished by ABRAMS [4] , even i n  the  low doping range 
(x lge  10-4) which however corresponds t o  u n r e a l i s t i c  weighing condi t ions (1 pg o f  
Be o r  4 g o f  so lu t ion ) .  I n  t h i s  low concentrat ion range the value t h a t  we can 
est imate t e n t a t i v e l y  i s  a k value o f  0.35 f o r  t h e  b inary  and o f  1.2 f o r  the  1,3 pm 
quaternary. 

3. Photoluminescence and H a l l  measurements 

1. Photoluminescence 

Photoluminescence experiments have been performed between 4.2 K and 300 K using 
the 5145 1 l i n e  o f  an argon laser .  The e x c i t a t i o n  condi t ions correspond t o  a q u i t e  
h igh e x c i t a t i o n  l e v e l  (% 10 W / C M ~ ) .  

The low temperature photoluminescence spectra o f  Cd doped b i n a r y  layers  e x h i b i t ,  
i n  the  considered range o f  doping, t y p i c a l l y  th ree  marked peaks l a b e l l e d  A, B and 
C on f i g u r e  8. The peak C corresponds t o  near band edge emission presumably 
i n v o l v i n g  impurity-bound exc i ton  s tates.  The peak B corresponds t o  f r e e  e lect ron-  
bound acceptor recombination. The peak C, which l i e s  40 meV, i .e. the energy o f  
the L.O. phonon  , below B i s  a r e p l i c a  o f  t h i s  l a t e r .  

Photoluminescence spectrum made a t  4. 2 K enables t o  determine the p o s i t i o n  o f  the 
cadmium acceptor l e v e l  above the valence band, which has been measured as 55 meV 
( f i g .  9)  a value very c lose t o  most o f t e n  pub1 ishedvalue o f  56 meV [3, 8 , 91. 
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P.L spectrum at  4.2 k o f  ~d dopad InP 

Figure 8 

Photoluminescence spectra of Cd doped quaternary a l l o y s  e x h i b i t  wider peaks. This  
can be r e l a t e d  t o  the grading o f  composition t h a t  e x i s t s  i n  the quaternary layers  
grown by the two-phase technique. However the  low temperature spectrum on f i g u r e  
10 shows both near band-edge and f r e e  e l e c t r o n  bound acceptor recombination. 
Although the energy gap o f  the quaternary grown l a y e r  cannot be determined from 
these measurements one can est imate from 4.2 K measurements the i o n i z a t i o n  energy 
o f  the Cd acceptor i n  the mate r ia l .  This energy ( f i g .  11) i s  near 20 meV. 
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The photoluminescence o f  b e r y l l i u m  doped indium phosphide layers  shows the  same 
features as p rev ious ly  described f o r  cadmium doping. The 6 peak t h a t  corresponds 
t o  f r e e  e lect ron-neutra l  acceptor i s  dominant a t  low temperature when t h e  doping 
l e v e l  i s  above 1018 cm-3. The energy separat ion between t h i s  acceptor l e v e l  and 
the valence band can be determined from the 4.2 K photoluminescence spectrum 
( f i g .  12). The measured value i s  36 meV ( f i g .  9 ) .  

F igure 12 

The photoluminescence o f  Be doped quaternary layers  are character ized by a s i n g l e  
peak emission whatever the doping l e v e l  and the  temperature are. The peak even a t  
low temperature i s  q u i t e  broad. Since the inves t iga ted  range o f  c lap ing  l e v e l s  
corresponds t o  a q u i t e  h igh l e v e l  (Na > 1018 cm-3) one can a t t r i b u t e  t h i s  peak t o  
a t r a n s i t i o n  between conduction band and a q u i t e  shal low acceptor l e v e l ,  more 
p rec ise ly  an acceptor impur i t y  band r e s u l t i n g  of the over lapping o f  the  acceptor 
o r b i t a l s .  This  hypothesis w i l l  be confirmed by the analys is  o f  H a l l  e f f e c t  data. 

2. H a l l  e f f e c t  measurements 

From t l a l l  e f f e c t  measurements and by using the charge n e u t r a l i t y  equation, 
assuming a sing1 e acceptor 1 eve1 , we have determined by a bes t  f it method the  
i o n i z a t i o n  energy o f  the  Cd and Be acceptor l e v e l s  i n  the b inary  doped layers. 
This method gives a lso  the  compensation r a t i o  which can be evaluated t o  l e s s  than 
1.2 f o r  most o f  the s tud ied samples. The i o n i z a t i o n  energies determined by 
t h i s  method (Ea = 46 meV f o r  Cd and Ea = 27 meV) a re  comparable though lower than 
those determined by photoluminescence. The degeneracy f a c t o r  o f  the acceptor l e v e l  
has been taken equal t o  4 f o r  t h i s  determinat ion ( f i g .  13, 14, 15). 

Ha l l  data f o r  quaternary ayers e x h i b i t  two main features as soon as the hole 
concentrat ion exceeds 10le cmV3 : 

- the  hole concentrat ion i s  independent on the  temperature ( f i g .  15), 
- the m o b i l i t y  i s  maximum near 150 K and decreases a t  l i q u i d  n i t rogen  

temperature ( f i g .  16). 
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Figure 13 
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Figure 17 

Such a behavior is characterist ic of conduction in a low mobility impurity 
acceptor band [ll] . This behavior i s  always observed in Be doped quaternary 
layers and in the case of Cd doping when the impurity atomic fraction in the 
melt i s  above 1 %. For lower Cd doping, the Hall data obtained on quaternary 
layers can be interpreted on the basis of a single hydrogenoSd acceptor level .  
The ionization energy of th i s  acceptor level has been determined as 16 meV 
( f ig .  17).  

Figure 18 

The variation of the Hall mobility a t  300 K and 77 K as a function of the hole 
density a t  room temperature i s  represented on figures 19 an 20 i n  the case of 
binary doped layers. The 1 iquid nitrogen temperature mobilities are roughly 10 
times higher that  the room temperature ones. This i s  constant as well as the 
numerical values, with ionized impurity scattering as a dominant scattering 
mechanism for  holes in the valence band. On the contrary, in the quaternary doped 
layers, the liquid nitrogen temperature mobility i s  comparable, i f  not lower, to 
the room temperature mobility. This i s  another c lear  evidence of the conduction 
by holes in an impurity acceptor band. 
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Figure 19 - Figure 20 

4. Conclusion 

The e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  Be and Cd i n  InP and In.7Ga.3As.gP.q 
grown by LPE a t  635'C have been determined from H a l l  measurements. Due t o  a lower 
d i s t r i b u t i o n  c o e f f i c i e n t ,  a h igher  atomic weight and a lower d i f f u s i v i t y ,  Cd can be 
used instead o f  Zn as a s u i t a b l e  dopant i n  order  t o  con t ro l  doping l e v e l s  lower than 
1018 cm-3, espec ia l l y  i n  the 1016 - 1017 cm-3 range which i s  the  usefu l  range f o r  
the doping o f  t h e  l a s e r  a c t i v e  l a y e r  1121. M e l t  contaminat ion due t o  the  h igh vapor 
pressure o f  Cd can be minimized by a proper design o f  t h e  c r u c i b l e  and by us ing h igh  
hydrogen f low r a t e s  (4 l/minl.Due t o  a h igh  d i s t r i b u t i o n  c o e f f i c i e n t  and a small 
atomic mass Be appears t o  be an unuseful dopant i n  t h i s  temperature range f o r  LPE 
growth o f  InP and I n  7Ga 3As 6P 4 except f o r  the  growth o f  h i g h l y  doped t h i n  contact  
l ayers  f o r  which Be k i l l  'be b re fe rab le  t o  Zn and Cd owing t o  i t s  low d i f f u s i v i t y .  

The a c t i v a t i o n  energy o f  t h e  acceptor l e v e l s  f o r  these i m p u r i t i e s  has been determined 
by photoluminescence and H a l l  e f f e c t  measurements i n  the case o f  Cd f o r  InP and 
In.7Ga,jAs.6P64 and i n  the case o f  Be f o r  InP. Photoluminescence and H a l l  e f f e c t  
measurements on quaternary mate r ia l s  doped w i t h  Cd and Be have a lso  shown the e v i -  
dence o f  an impu ' t y  band associated t o  t h e  acceptor l e v e l  when the  ho le  concentra- 
t i o n  i s  above lo tA cm-9. 
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