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RADIATIVE RECOMBINATIONS IN Be-DOPED AlxGal-xAs 

STEPHEN T.  EDWRDS,* ANTON F .  SCHREINER,* and S .  

Departments of Chemistry a n d  Elec t r ica l  Engineering, 
North Carolina S ta te  University,  Raleigh, North 
Carolina 27650 

BEDAIR+ * t 

Abstract 
(PL)surements ( T  1 7 7  K )  were car r ied  out  on s in-  
gle c rys t a l s  of Alx6al-,As ( x  ?i 0.3)  undoped o r  doped 
with Be by LPE or  ion implantation. The multimea- 
surements approach was employed in order t o  ascer- 
t a in  t h a t  the highest-energy rad ia t ive  recombination 
was in  f a c t  band-to-band ( B T B )  , and consequently t o  
obtain accurate ac t iva t ion  energies .  
c rys ta l  luminescence consisted of a high-energy BTB 
peak and a lower energy shoulder (observed near 77K) 
assigned t o  f r ee  e lectron to  bound ( F T B )  hole re- 
conbination a t  the Be acceptor center .  All Be im- 
planted A1xGal-xAs specimens had BTB rad ia t ive  re- 
combinations a t  T ? 77 K.  The lower energy FTB 
shoulder,  observed between 85 and 77K, appeared only 
f o r  c rys t a l s  annealed a t  o r  above 800"C, i . e . ,  the 
higher temperatures a re  necessary to  ac t iva t e  the 
implanted Be dopant i n  A1xGal-xAs. In addition t o  
the BTB and FTB peaks, a PL peak a t  ?i 1 . 2 9  eV i s  
a t t r i bu ted  t o  imp1 antation damaqe. 

Six types of systematic photoluminescence 

L P E  doped 

INTRODUCTION 
The importance of AlXGal-,As i n  diodes,  simple and cascade 
s o l a r  c e l l s ,  and so l id  s t a t e  l a s e r s ,  e t c .  i s  well es tab l i sh-  
ed.  In AlGaAs the Be has, a t  LPE temperature ( .~800"C),  a 
high l iqu id /so l id  d i s t r ibu t ion  coef f ic ien t  ( e .g .  , KBe = 10 
a t  x < 0 . 4  and 800°C) and high d i f f u s i v i t y ,  D ( D  = Do exp 
( - E o / k T ) ,  with Do = 1 1 . 2  cm2, Eo  = 2.43 eV).3 Thus, L P E  
prepared junctions could be improved by ion implanting Be, 
which was car r ied  ou t ,  along with thermal annealing. The 
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258 S.  T. EDWARDS. A. F. SCHREINER AND S. BEDAIR 

reason t h i s  i s  an t ic ipa ted  t o  be favorable i s  t h a t  HBE gen- 
erated Be gradients '  in adjoining AlGaAs(Be) layers  when 
heated t o  8 O O " C ,  s imi la r  t o  our T A N ,  had a low diffusion 
coe f f i c i en t  ( D  5 10-15cm2sec-1). I n  an i n i t i a l  study SIFlS 
prof i l ing  of Be implanted AlGaAs showed e i t h e r  very l i t t l e  
( f luences L 10 cm ) or  s ign i f i can t  ( f luences > 10 cm ) 
red is t r ibu t ion .  Idhile Be implanted GaAs P L  work has been 
p ~ b l i s h e d , ~  the present study i s  the f i r s t  PL work on im- 
planted Be in AlGaAs. 
the highest  energy PL band assumed to  be B T B ,  and band 
broadening was a t t r i bu ted  t o  Be. 
order t o  look for d i s t i n c t  Be re la ted  PL peaks, and obtain 
accurate Ea(Be) values by firmly es tab l i sh ing  the highest  
energy PL as BTB.  
type P L  experiments were car r ied  o u t .  

4 

14 - 2  14 -2  

MBE specimens were ~ t u d i e d , " ~  with 

We undertook our study in  

To achieve the l a t t e r  s i x  multi-point 

EXPERIMENTAL 
Layers of AlXGal-,As ( x  % 0.3)  were grown on (111) GaAs by 
L P E  using the s l i d ing  boat technique. Be ions were im- 
planted (100 KeV) a t  f luences 5 x 1013 a n d  1 x 1014 cm-2. 
The implanted samples were capped with Si02 and annealed 
f o r  one h o u r  a t  600", 700°, 800" or 850°C. After annealing 
the caps were removed by a 1: l  solut ion of concentrated HF 
and  water (% 10 s e c ) .  
caps in the LPE reac tor .  
growth process. 
with the ion implanted one then revealed the damage from 
the implantation process. 

The photoluminescence apparatus consisted of an Ar 
l a s e r  operated a t  5145 A (with in t ens i ty  varied from 1 t o  
20 mw a t  sample) and a 3/4 meter monochromator s e t  t o  a 
bandpass of 3 meV a t  1 .8  eV. 

Two samples were annealed without 
One sample was doped by the LPE 

Comparing the PL spec t ra  of the l a t t e r  

t 
0 

The l a s e r  beam was focused 
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RADIATIVE RECOMBINATIONS IN Be-DOPED Al,Ga,.,As 259 

t o  a spot s. 100 u m  diameter a t  the sample which was mount- 
ed on a copper heat sink and placed i n  a cryogen t h r o t t l i n g  
opt ica l  dewar. 
c i t a t i o n  damage. 
chromel-(Au - 7% Fe) thermocouple. The photoluminescence 
was detected with a Dry Ice cooled photomultiplier tube with 
an S-1 response. 
i ca l  chopper so t h a t ,  following pre-amplification, phase 
sens i t i ve  amplification of detect ion could be used with a 
lock-in amplif ier .  

The ion implantation was car r ied  out a t  N R L  in 

Temperature spectral  cycling showed no ex- 
The temperature was measured w i t h  a 

The l a s e r  beam was chopped with a mechan- 

Washington, D .  C .  

RESULTS 
S i x  types of PL measurements were car r ied  out .  The P L  
spectra  of undoped (na t ive )  AlGaAs were studied before 
studying the Be doped samples. First, the  near band gap 
P L  of native samples consisted of a s ing le  peak whose f u l l  
width a t  half  height ( F W H I I ) ,  o r  A l , 2 y  was d i r e c t l y  propor- 
t ional  t o  sample temperature T over the  80K t o  300K range. 
Over t h i s  same T range the peak in t ens i ty  I p L  showed ther-  
mal quenching with an ac t iva t ion  energy Ea of approximately 
28  meV. Also, the energy posi t ion huo of the  PL peak 
changed with temperature. 
T , i t  was found t h a t  the curve f i t t e d  the re la t ionship  of 
Varshni7 by using h i s  coef f ic ien ts  of a(8.871 x 10 
and  B ( 5 . 7 2  x 10' K )  fo r  GaAs, and the calculated band g a p ,  
E o ,  f o r  AlGaAs a t  absolute zero. 
by using the high energy PL peak as E a t  our T. In addi- 
t i o n ,  IpL increased superl inear ly  with increasing exc i ta -  

'L2 t ion  in t ens i ty ,  1, ( I p L  n I. ) b u t  hwo and A1,* remained 

Then,by p lo t t ing  the hwo versus 

-4  K - l )  

The l a t t e r  was calculated 
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260 S. T. EDWARDS, A. F. SCHREINER AND S. BEDAIR 

constant when 1, was varied (Figure 1 ) .  
For the  Be-implanted samples, the near band gap lumin- 

escence a t  77K increased with increasing annealing tempera- 
tu re  TAN u p  t o  850"C, the highest  TAN used here.  
other  handyIpL never became as large as in the undoped sam- 
p les .  This ind ica tes  t ha t  even f o r  TAN=800" o r  850"C, dam- 
age caused by ion implantation i s  s t i l l  present .  

Observations about lower energy P L  bands were as  fo l -  
13 lows. For the  sample implanted with a fluence of 5 x 10 

2 ions/cm and TAN=800"C, and the samples implanted with 
fluences o f  5 x 
the near band gap PL spectra  of these samples consisted of 
a s ing le  peak with a shoulder 9. 15 t o  20 meV below ( t o  
lower energy o f )  the major peak, the value depending on A 1  
content (Figure 2 ) .  

TAN of 800°C produced samples whose PL had a shoulder 
1.19 meV below the main peak (77K) 
produced only a s ing le  PL band. 

O n  the  

and 1 x 1014 ionslcm' and T ~ ~ = ~ ~ o o c ,  

For the samples annealed in  the LPE reac tor  ( cap le s s ) ,  

whereas TAN of 700°C 

The PL of AlGaAs doped by L P E  a l so  consis ted of a near 
band g a p  peak with a shoulder %19 meV below i t .  

of a l l  the Be doped samples was the same as the undoped 
AlGaAs, i . e . ,  the posi t ion,  t w o ,  changed with T in the same 
manner as  GaAs. 
thermal quenching, with Ea of 1.20 meV being determined by an 
Arrhenius p lo t  of I p L  E. T-' .  
of Be doped AlGaAs increased superl inear ly  with an in- 
creasing Io .  However, the main peak increases f a s t e r  than 
the shoulder,  un t i l  a t  higher I o y  the main peak s t rongly 
dominates the shoulder. However, hwo of the main peak and 
shoulder remained unchanged with increasing exc i ta t ion  I,. 

The temperature dependence of the high energy PL peak 

The main PL peak of the samples underwent 

IpL of the high energy peak 
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RADIATIVE RECOMBINATIONS IN Be-DOPED AI,Ga,.,As 261 

FIGURE 1 .  IpL 5. I. for undoped A10.25Ga0.75A~.  

FIGURE 2.  IpL  - v s .  w a v e l e n g t h  of  Be i m p l a n t e d  
A1 xGa, - xAs .  
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262 S.  T. EDWARDS, A. F. SCHREINER AND S.  BEDAIR 

In addition t o  the near band gap rad ia t ion ,  we a l so  
detected a t  77K two broad band  P L  peaks centered a t  %1.39 eV 
and  $1.29 eV. These two P L  bands were not observed fo r  the 
LPE doped AlGaAs b u t  were present fo r  the ion implanted and 
annealed samples. 
one depended on the sample spot probed. 

Whether b o t h  PL bands were present o r  j u s t  

DISCUSSION 
Our procedure consisted of studying the P L  of undoped crys- 
t a l s ,  followed by the LPE doped ones, and then f i n a l l y  fo l -  
lowed by the ion implanted ones so as t o  determine the im- 
plantation damage. Most fundamental was the need t o  def in i -  
t i ve ly  es tab l i sh  t h a t  the highest  energy recombination i s  
BTB, since only then can accurate E a  values fo r  lower energy 
PL processes be determined and used re l i ab ly  for  future  
appl icat ions.  For t h i s  reason we car r ied  out s ix  types of 
PL experiments t o  ascer ta in  the assignment: h w o  z. P, 
Al12 G. T ,  I p L  E, T ,  IpL  E. I o ,  A l / ,  5. Io ,  and hw vs 

I,. 
0 -* 

The findings given in the RESULTS section above will  
be referred t o  repeatedly i n  the present DISCUSSION. 

assigned t o  be e i t h e r  BTB o r  FTB ( D - V  6 ,  C B - A )  recombina- 
t ion .  This i s  consis tent  f i r s t  with our r e s u l t  t ha t  the 
peak t w o  E. T has the same dependence as  f o r  GaAs, 
second with the observation tha t  A of the band i s  di-  
r ec t ly  proportional to  T .  7 ( b )  Also, from our Log IpL s. 
T-’ re la t ionship ,  the derived thermal quenching E a  of 28 
meV cannot be used t o  decide between the two assignments, 
s ince a BTB t rans i t ion  can be quenched by electrons ther- 
mally populating e i t h e r  donor leve ls  or  conduction band 
s ta tes8  b o t h  of which would be associated with the higher 
energy L o r  X bands,probably close t o  the r minimum for  our 

For undoped AlGaAs the s ing le  peak PL i s  i n i t i a l l y  

and 
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RADIATIVE RECOMBINATIONS IN Be-DOPED AI,Ga,.,As 263 

a l loy  compositions. Also, the quenching could be the re -  
s u l t  of thermal depopulation of c a r r i e r s  (holes from A o r  
e lec t rons  from D )  a t  impuri t ies .  
population might in  pr inc ip le  be associated in  AlGaAs with a 
carbon acceptor ( E a  = 26-36 meV, depending 
E a ( C )  of which matches our 28 meV value bes t ,  we show in 
the  next paragraph below tha t  t h i s  assignment i s  ac tua l ly  
not possible .  Also, d o n o r  depopulation cannot be ruled out  
based on the above da ta ,  s ince in AlGaAs the range” of Ea 
i s  6 neV to  300 meV. 

The dependence of PL in tens i ty  ( I p L )  on 1, ( f a c t o r  of 
50 var ia t ion)  gave r i s e  t o  a superl inear  re la t ionship  (IpL = 

I:2) without ever an onset of s a tu ra t ion ,  b u t  hao remained 
unchanged with changing Io. The l a t t e r  i s  an indicat ion 
t h a t  the recombination mechanism remained unchanged over 
the  I, range. The absence of sa tura t ion  el iminates  from 
consideration residual C acceptors ,  s ince  the accidental  
presence and  concentrat ion,  i f  there  a t  a l l ,  should be very 
small ( t h e  AlGaAs was R- type) and sa turable .  The same ar -  
gument i s  val id  fo r  residual donors. Therefore, by el imi-  
nat ion, the s ing le  PL peak i s  r e l i ab ly  assignable t o  B T B ,  
and the quenching process corresponds t o  c a r r i e r  t r ans fe r  
from CB t o  L or  X bands. I t  i s  a l so  noteworthy t h a t  the PL 

blhile t h i s  c a r r i e r  de- 

9 on X )  , the 

11 

did n o t  change with t h i s  1, var ia t ion ,  indicat ing 
t h a t  the sample was n o t  heating u p  during these measure- 
ments and t h a t  the  d a t a  a r e  va l id .  

energy (by 15-20 meV) shoulder in each a80K PL spectrum 
indica tes  t h a t  Be i s  the cause of a rad ia t ive ly  ac t ive  
level i n  AlGaAs assigned as  ABe .  
level i s  caused by the implantation and annealing process- 
ing i s  eliminated by the f a c t  t h a t  the same shoulder 

For the Be doped samples the appearance of the lower 

The poss ib i l i t y  t h a t  t h i s  
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264 S. T. EDWARDS, A. F. SCHREINER AND S. BEDAIR 

appeared i n  the  LPE doped sample, and a l so  i n  PlBE grown 
AIGaAs(Be) . 6  Three sample Ea(Be) values of d i f f e ren t  AlGaAs 
compositions ( d i f f e r e n t  E ) a re  shown: 

g 
Corrected 

E (eV) FTB (eV) Ea  (mev) Ea (mev) 9 
1.828 1.812 16 19 
1.889 1.869 20 23 
1.921 1.905 16 19 

where E = EBTAc t E a  - 7 k T  ( ~ 3  meV a t  77K). 

B T B ,  which i n  turn aff i rms t h a t  our E a ( A B e )  values from PL 
a re  accurate ,  i t  remains t o  confirm the e a r l i e r  l i t e r a t u r e  
approach f o r  obtaining Ea(Be). 
e l e c t r i c a l  propert ies  of AlGaAs(6e) showed Ea(Be) t o  have 
a concentration dependence;2 from t h a t  data f o r  a sample 
c loses t  in composition ( x  Q 0.45) t o  ours ( x  Q 0.3) we use 
A E a  = 63 meV - 3.1 x 

~ 3 2  meV. 
ed6, s ince m* of the Be hole depends’ on x of A1xGal-xAs. 
In f a c t ,  using E ( X  = 0.3)  from Casey and Panishl‘ and m” 
( x  = 0 . 3 ) ~ ’  the Ea Q 32 meV diminishes’ t o  24.7 meV, i n  
good agreement with our PL experimental 20 meV f o r  the sam- 
ple.  Furthermore, when f o r  77K we add t o  20 meV Eagles’ 

1 6 thermal k ine t i c  energy k T  ( 3  meV) of the  f r e e  c a r r i e r  , 
our corrected Ea(Be) equals 23 meV, with which the above 
24 .7  meV value agrees very wel l .  
previously used procedures agree well w i t h  ours .  

Deep level P L  peaks a t  1.29 eV and 1.39 eV appeared 
in  AlGaAs only when Be was implanted, and the energies re- 
mained independent o f  A1 content ( x  = 0.201 to  0.336),  x 

1 
g 

blith the information t h a t  the high energy PL band i s  

F i r s t ,  i n i t i a l  experimental 

2 

meV cm-’ NA1’3. Using our NA 

cm-3 from Hall measurement) the calculated E a  i s  
However, t h i s  E a  value f o r  Be should be correct-  

I t  can be concluded t h a t  
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RADIATIVE RECOMBINATIONS IN Be-DOPED AI,Ga,.,As 265 

was obtained from E g ( R T )  = 1.424 + 1 . 2 4 7 ~  ( H . C .  Casey, J. 
Appl. Phys. , 49, 3684 (1975)) .  We a t t r i b u t e  the 1.29 eV PL 
t o  implantation damage, s ince the backside P L  (GaAs) of the 
subs t r a t e ,  as a l so  some spots on the AlGaAs(Be) f r o n t ,  show- 
ed only the 1.39 eV band. This indicates  the presence of 
microcracks in  AlGaAsfBe) arown on Ga4s. Furthermore, the 
1.29 eV PL was absent i n  LPE AlGaAs( Be). This 1.29 eV PL 
may in par t  be due t o  VGa such as the  E 3  t r ap  observed13 by 
DLTS, s ince the  E3 energy posit ion i s  a l so  invar ian t  with 
composition change. Additional work i s  underway on t h i s  
problem, however. 

I n  summary, the highest  energy PL peak f o r  Al,Gal-,As 
was shown to  be B T B ,  accurate Ea(Be) values in AlGaAs were 
then der ivable ,  and a deep level PL peak a t  1.29 eV was 
assigned t o  or ig ina te  from the  implantation process of Be. 
Native, LPE and ion implantation doped AlXGal-,As c rys t a l s  
were s tudied,  as was the  influence of TAN on Be ac t iva-  

1 4  t i on .  
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