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Abstract. The electrical properties of the AI,Ga,-,As alloys  for x30.24 are 
dominated by deep  donors which appear in undoped  and  doped crystals. The 
corresponding  defects, which are now  more  commonly known as  D-X centres, 
also  behave as  electron  traps.  The  properties of these  defects in undoped  and 
doped alloys are reviewed. Results of  Hall, transient  capacitance, deep-level 
transient  spectroscopy  and  thermally  stimulated  capacitance measurements  on 
crystals  grown by liquid phase epitaxy  and  molecular  beam  epitaxy are 
presented  and  discussed.  The deep levels have  a  constant  thermal activation 
energy of 0.21 eV in the direct band-gap region, while in the  same composition 
range the defect binding energy, as  determined from Hall measurements, 
increases monotonically. Beyond the  crossover region, the thermal activation 
energy  and binding energy  assume similar  values  and both decrease monotoni- 
cally  with increase of x. These energy values  and the electron capture  properties 
of the  defects can be  consistently  explained by involving the interaction of the 
defects with indirect L and X minima. Defects with similar properties  are  also 
identified in other alloy systems in which the L and X conduction minima are 
lowest in energy. 

1. Introduction Such  a  dramatically  changing  band  structure has a 
marked influence on  the electrical and optical  proper- 

The  AlxGal-,As  ternary alloys are being  extensively  ties of the alloy system  and  properties  hitherto  unob- 
investigated  not  only for  their  application in hetero-  served in large  band-gap  binary  semiconductors have 
structure  optoelectronic  and microwave  devices,  but been  detected. 
also for  the  interest in their intrinsic  material properties A feature which is rather  unique in the  ternary 
and the physical mechanisms  involved  therein. The crystals  grown by liquid phase  epitaxy (LPE), molecular 
band structure of the alloys as a  function of compo- beam  epitaxy (MBE) and  metal-organic chemical 
sition has now been  fairly well established  and  has vapour  deposition (MOCVD) is the  emergence of an 
emerged  from  the work of several  investigators, using electron trap level which dominates  the electrical 
different  techniques [l-71. The alloys  have  a  direct properties of the alloys with xa0.24. The electron  trap 
band gap  for 0 ~ ~ ~ 0 . 4 3  and  an  indirect  band  gap  for was originally identified in n-doped LPE crystals [lo], 
x>0.43, where  the X conduction  minima are lowest in and it was found  that  the defect  concentration was 
energy. In  addition,  the L conduction  minima  cross  over proportional to  the shallow donor  concentration  and 
with the X minima at x = 0.37 and with the r minimum the defect  behaved in a  decidely non-effective mass 
at x = 0.47. The conduction  band  structure  as a  function way. Therefore,  the  name D-X centre [ 101 has been 
of AlAs  content, x ,  with the valence  band rlSv as  the associated with this  defect to account  for  this  dual 
reference for  energy, is depicted in figure 1.  More observation.  This  model is supported by the  observed 
recent  work [S, 91 indicates  that  the direct-indirect chemical  shifts in the ionisation  energies  dependent on 
crossover at low temperatures may be  at a  lower  value the  donor  atom species [l l ,  121 and  from  the symmetry 
of x .  However, in the  context of the  present  paper,  the of the defects  determined  from  absorption  and  scatter- 
r-L energy  separation is a more  important  parameter. ing of ballistic phonons [13]. Since  its identification in 
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Figure 1. The  conduction  band  structure  at 300 K and 
the  energy position of defect levels in LPE AI,Ga,-,As. 
(0) from analysis of deep-level  thermal  emission  and 
capture  data; (m) from analysis of capacitance-voltage 
data; and the broken line represents  the defect energy 
profile as calculated  from the L-X hybridisation model. 
The thermal  activation energy A&= 0.21 i-0.01 eV in 
the  range 0.25sxs0.36 is measured with respect  to 
the L minima and  for x>0.36 with respect  to  the X 
minima. 

the alloys more  than  a  decade  ago, its  microscopic 
structure  has  been  investigated  and  debated by several 
groups of workers,  but still remains  unclear. 

Degradations in the  performance of heterostructure 
lasers  [l41 and  modulation  doped field-effect  transistors 
(MODFETS) [l51 have  been clearly  identified  with the 
presence of the D-X centres. Since both  devices use 
heavily doped  n-type  alloys, most of the investigations 
on  the  microstructure  and physico-chemical  origin  have 
been  made with AI,Ga,-,As  doped with Si, S,  Se and 
Te. It is also of importance  to  study  the  properties of 
the  electron  traps in nominally undoped  crystals, in 
which the net electron  concentration is = 1015-1016 cm-'. 
Although  the  general  features of the deep-level  defects 
are very similar in undoped  and  doped LPE 

Al,Ga,-,As,  some  differences  have  been  observed in 
their  electrical properties.  It is believed that  these 
differences are  related  to  the physico-chemical origin 
of the  centres. 

In  this  paper,  I will steer away from  the  microstruc- 
ture  and origin  issues and dwell instead  on  another very 
important aspect-the relation of the defects  to  the 
band  structure.  I will also  discuss the  lattice-relaxation 
effect  exhibited by this trap.  The results of capacitance- 
voltage and  transient  capacitance  measurements will be 
presented, in particular,  to show  direct  evidence of the 
relation of the  traps  to  the  indirect  band  structure in the 
alloys. The results  also  confirm  the  band  structure,  and 
in particular.  the T-L energy  separation.  The  results 

will be discussed in the light of more  recent findings. 
Relevant  Hall,  photoluminescence  and  photo- 
ionisation  cross  section  data will also  be  presented  and 
discussed.  Finally,  the  presence of similar centres in 
InAlAs/InP alloys, and  their  relation  to  the  indirect 
minima will also  be  described  and  discussed. 

2. Electrical and optical properties of undoped 
liquid phase epitaxial AI,Ga,-,As 

2.1. Electrical transport properties 

Experiments  have  been  made  on  undoped liquid phase 
epitaxial (LPE) Al,Ga,-,As grown in our  laboratories 
and  at  the  Standard  Telecommunication  Laboratories 
in England on  Cr-doped semi-insulating GaAs  or 
Si-doped  conducting GaAs  and having  thicknesses of 
5-10,um and  carrier  concentrations of (5-15) x 
10" cm-3.  This  background  electron  concentration in 
the  undoped  samples  originates  from unidentified 
donor  species.  The  range of variation of the  measured 
carrier  concentration mainly  results  from the minimum 
in the  electron  density  around  the crossover compo- 
sition  due  to  the  redistribution of electrons  amongst  the 
different  minima with varying  effective  masses. The 
AlAs  content, x, of the  layers used for  the  experiments 
in this  study  varied  from  0.19  to 0.78 and  were  deter- 
mined by converting  measured  room-temperature 
cathodoluminescence  and  photoluminescence  band- 
gap  energies  into  compositions  from  the  data of Panish 

When  Hall  measurements  are  performed  on  n-type 
samples of Al,Ga,-,As  as  a  function of temperature, 
the profile of the  Hall  electron  concentration, nH, as  a 
function of inverse  temperature shows  a sharp  decrease 
with  lowering of temperature.  This occurs  just  below 
250 K and  indicates  a  trapping of electrons  from  the 
conduction  band to deep  centres in the  forbidden  gap. 
Figure 2 depicts  typical  variations of inverse  Hall  coef- 
ficient, l/eR,, with  inverse  temperature  for  two alloy 
compositions.  Similar  behaviour  has  been  observed 
both in undoped  [l71  and  intentionally  doped [18, 191 
crystals in the  composition  range 0.2GxG0.8 .  A 
detailed  analysis of the  Hall effect data using a  multi- 
conduction  band  model  [l71 yields the binding  energy 
of the  defect  centres with respect  to  the  conduction 
band  edge  and  their  concentration.  The  latter  para- 
meter has  a  value  nearly equal  to  the  total  electron 
concentration, showing that  the  defect level plays  a 
dominant  role in contributing  electrons  to  the  conduc- 
tion  band.  The  same is true  for  the  doped crystals  [18]. 
The striking  feature is that  the binding  energy  changes 
with composition: it increases  monotonically for x 3  
0.25, reaches  a  maximum  near  the  band  crossover 
composition  region,  and  then  decreases  monotonically. 

Figure 3 shows the  defect binding  energies in 
undoped crystals [17, 201 and in intentionally  doped 
crystals  as determined by SpringThorpe er a1 [l91  (Te), 
Kaneko er a1 [21] (Sn), Nelson  [l81 (Te),  Balland er a1 
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[22] (Sn)  and  Dingle et a1 (61 (Te).  It is appropriate  to 
make  some  comments  regarding  the  methods  used in 
the  determination of these  binding  energies. The  data 
for  the  undoped  n-type  crystals  were  obtained by the 
methods  outlined  above with  a  fairly accurate  know- 
ledge of the  conduction  band  structure.  The  data of 
SpringThorpe et af, and  Nelson  were  obtained directly 
from  the  slope of the  linear  portions of the  lleR, - 1/T 
Hall  effect data.  Kaneko  and  co-workers  obtained  their 
data  from  a  two-band (T-X) analysis of Hall  effect 
data,  ignoring  the  presence of the  L  minima.  The  data 
of Balland  and  co-workers  were  obtained  from  the 
slope of the p n  junction  capacitance  decay with de- 
creasing temperature.  The  binding  energies  were 
obtained by Dingle  and  co-workers  from  the analysis of 
photoluminescence data. It is evident  from  the  data 
that  there is a  marked  difference in the binding  energies 
determined  for  the  apparently similar  defects  in 
undoped  and  intentionally  doped  crystals.  The  differ- 
ence in binding energies is thought  to  result  from  the 
differences in the local potential of different  chemical 
species,  as  observed by Lang  and  Logan [l11 and 
Kumagai et a1 [12]. However,  the  common  feature is 
that  the  binding  energies  goes  through  a  maximum  near 
the T-L-X crossover  region  due  to  the proximity and 
superposition of Bloch  waves from  the T, L,  and X 
minima.  It will be shown  later  that  a  simple  model, 
originating  from  the tight  binding  approximation  ade- 
quately  describes  this  behaviour. 

2.2. Thermally stimulated capacitance measurements: 
persistent photoconductivity effects 

Measurements  were  made  on  Schottky  barriers  fabri- 
cated  on  the  epitaxial  layers by evaporating 300-500 A 
circular Au films with (1-2) X cm’ area.  Ohmic 
contacts  were  provided by an Ag-Sn eutectic  alloy.  For 
the  measurements  to  be  described,  the  samples  were 
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Figure 2. Variations  of  the  inverse  Hall  coefficient I leR, 
with  temperature  for  two  alloy  compositions.  The data 
were  taken  with  the  samples  in  the  dark. 
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Figure 3. Variation  of  defect  binding  energy  with 
composition  in  nonintentionally  and  intentionally 
doped  crystals as determined  by  different  workers. (a), (a), (0) and (D) were  obtained  from  Hall  effect data; (a) was  derived  from  photoluminescence 
measurements;  and (0) was  derived  from capacitance 
measurements. (0) was  obtained  from  measurements 
on  undoped crystals; the  rest  of  the  data  presented  in 
the  figure  were  obtained  from  intentionally  doped 
crystals. 

mounted  on  a  cryostat  holder in which the  temperature 
could  be  varied  from 77-500 K.  These  measurements 
were  performed in order  to gain  a  qualitative  under- 
standing of the  emptying  and filling of the  defect 
centres with  lowering of temperature  and  application of 
different  bias  voltages to  the  diode.  The  depletion  layer 
capacitance  of  the  diode  during  the  different cycles of 
measurement was monitored by a 1 MHz  meter  and was 
recorded  on  an X-Y plotter.  The typical cycle of 
measurement was as  follows.  With zero bias or a 
reverse  bias of = 5 V  applied  to  the  diode,  the  tempera- 
ture was lowered  from 300 to 80 K. This  constitutes 
step 1 and  for all the  compositions this step was found 
to  be  reversible, i.e. the  capacitance profile was 
retraced  when  the  sample  temperature was increased 
again.  Next  a  forward bias of = 1.0 V was applied  to 
the  diode  at  room  temperature  and  the  temperature 
was lowered.  At  the  low-temperature limit of this step 
(80K),  the bias was switched  back to  zero  and  the 
temperature  gradually  raised in steps.  This  constitutes 
step 2. Finally,  at  the low temperature  end of step 1, 
the  sample was irradiated with 1.1 eV light when  an 
increase in capacitance was usually observed.  At  this 
point  step 3 was recorded by gradually  raising  the 
temperature  of  the  sample  to 300 K.  The capacitance- 
temperature profiles which describe  the typical behav- 
iour in four  composition  ranges  are  depicted in figure 4. 
These  composition  ranges  are: (i) x<0.24 where  the 
deep level is not detected by DLTS; (ii) 0.25<xs0.36, 
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where  the binding  energy of the level  monotonically 
increases,  but  the  thermal  activation  energy  remains 
constant; (iii) 0.37 G x  ~ 0 . 5 0 ,  where  the  conduction 
valleys come close to  each  other in energy  and  even- 
tually cross over  and  the  depth of the level  reaches  a 
maximum;  and (iv) x>O.SO, the  indirect  band-gap 
region  where the binding energy  and  thermal  activation 
energy of the level monotonically  decrease.  For  the 
sample with x=O.19 the capacitance  values  for  the 
three  steps coincide throughout  the  temperature  range 
and there is no  change with  application of a  forward 
bias or  irradiation.  This confirms that  the  defects  are 
absent  and  the slight lowering of capacitance with 
lowering temperature is because of the  change in the 
position of the  Fermi level and  partial filling of the 
shallow donors  and  a  change in the  dielectric  constant. 
For  the  sample with x=O.25,  the capacitance  profiles 
for  the  three  steps can be  separately  seen.  For x = 0.47 
there is a  sharp fall in capacitance with lowering of 
temperature,  and  no  change is observed  for  the crystal 
with x=O.78, but  the  slope of the  capacitance  change 
has decreased.  There  are  several  important  features  to 
be  noted in these  curves. The largest  slope for  the 
capacitance  change is observed in the  sample with 
x=O.47. This  confirms that  amongst  the  four  compo- 
sitions the  deep level has  the largest  binding  energy at 
x = 0.47.  A  distinct capacitance profile  for step  2 is seen 
only for x=O.25  and  not in the  samples with higher 
values of x. It may  be remembered  that  the low- 
temperature limit of step  2  denotes  the  condition  when 
all the  centres  are filled with the  application of a 
forward  bias.  Step 3 is most pronounced  for  the  sample 
with x = 0.47.  This  step  represents  the  thermal  quench- 
ing of persistent  photoconductivity  exhibited by these 
centres.  After  the  centres  are optically emptied by 
irradiation  at 80 K,  a  barrier is presented  to  electron 
recapture  and  can  be  overcome only by providing 
thermal  energy.  Finally,  the  value of the  diode  capaci- 
tance  at 80 K for  step 1 (or  step  2 if it is observed) 
progressively decreases  from x = 0.19  to  0.78,  where it 
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Figure 4. Thermally  stimulated  capacitance  data for 
undoped  samples of LPE AI,Ga,-,As  with varying 
compositions. The significance of the different steps 
h a s  been outlined in the  text. 

attains  a very low value.  This  indicates  an  increased 
dominance of the  deep level,  into which carriers  freeze 
out, in determining  the  concentration of electrons in 
the  conduction  band.  For x=O.19, where  the  diode 
capacitance is still high at 80 K,  most of the  electrons in 
the  conduction  minimum  come  from shallow donors 
which remain  ionised. The experimental  observations 
outlined  above  can be  consistently  explained by the 
following model.  When  the  deep  electron  trap is 
present,  the  Fermi level at  room  temperature is close to 
and  just below it in the  forbidden  energy  gap. With the 
lowering of temperature,  the  Fermi level moves  closer 
to  the conduction  band,  thereby partially (x = 0.25)  or 
completely (x= 0.47 and 0.78) filling the level with 
electrons.  In  the  latter  event,  no  more  centres can be 
filled with the  application of a  forward  bias  and  a 
separate profile for  step 2 will not be  observed.  Lang et 
a1 [lo] have  performed similar  experiments  with 
Te-doped LPE Al,Ga, -.,As  where  a  large  difference in 
capacitance was observed  between  steps 1 and  2 in the 
low-temperature limit. Consequently, in the  Te-doped 
samples  there is possibly a  lesser  dominance of shallow 
donors,  and  probably  a  larger  compensation,  both of 
which  would fix the  equilibrium  Fermi level lower in 
energy in the  forbidden  gap.  Thus  a lowering of tem- 
perature is not sufficient to fill all the D-X centres.  The 
important  results  obtained  from  these  experiments  are: 
(i)  the  slope of the  capacitance  change with lowering of 
temperature is related  to  the  presence  and  the binding 
energy of the  deep  level; (ii)  a  persistent  photoconduc- 
tivity effect,  as  observed  earlier in doped crystals, is 
also  present in undoped crystals;  (iii)  a  definite  energy 
barrier is presented  to  electrons  for  capture by the  deep 
centres.  Lang er a1 [lo] had  explained  this in terms of a 
large  lattice-relaxation  model.  It will be shown in the 
next  section  that  the  results can  also  be  explained in 
terms of capture via the  L  minima. 

2.3. Low-temperature photoluminescence 
measurements 

Deep level traps  are usually non-radiative.  However, it 
has been  reported by Gaj et a1 [23] that  a  deep  donor 
level in GaAs,-,rP, which dominated  the  electrical 
properties of the alloy near  the  direct  to  indirect  band- 
gap  transition  region,  participated in radiative  tran- 
sition  processes. Other deep-level  defects in this  alloy 
system  labelled B1 and B11 with energies  0.5  and 
0.75 eV, respectively,  below  the  conduction  band  edge 
GaAso,,P,,,,  have also been  shown to  be  radiative 
centres  [24,25].  It has been  established by Metz [25] 
that  the E3 donor level identified by Lang [26] in 
electron-irradiated AI, Ga,-,As for 0 G X  G 0.25 is, at 
least in part, associated with a  radiative  centre. It  is, 
therefore, of interest  to  determine  whether  the D-X 
centres in AI,, Ga, -.i As  are  radiative  or  non-radiative. 

The  low-temperature  photoluminescence of the 
alloy system  shows the excitonic  peak  and the  edge 
luminescence  as  reported by Dingle et a1 [6] for 
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undoped  and  Te-doped  Al,Ga,-,As alloys. The char- 
acter of this edge  luminescence  varies widely through- 
out  the  composition  range. Analysis of the lumines- 
cence  data as  a  function of excitation  intensity  shows 
the  presence of deep-level  accptors which participate in 
radiative  transitions,  and DLTS measurements identify 
the  same  acceptors  as  hole  traps.  Contrary  to  the 
findings in GaAs,-,P,, it is found  that  the  deep-donor 
(or  electron-trap) levels, at least in the  undoped 
crystals, do not  participate in radiative  transitions. 

3. Emission and capture properties of D-X 
centres 

Since the T-L inter-valley  energy, AErL, in 
Al,Gal-,rAs  changes with x, this alloy system  provides 
a  natural  vehicle  to  study  the  interaction of traps with 
different  conduction  minima.  With  this in mind,  careful 
transient  capacitance  and  deep-level  transient  spectros- 
copy (DLTS) measurements  were  made  to  understand 
the  emission and  capture  properties of the D-X centres 
and  their  association with the varying  conduction  band 
structure.  The  measurements  were  performed on Au 
Schottky  diodes  described  previously. 

Carrier  capture  measurements on Al,Ga,-,As  are 
analysed in detail  and  are  correlated with the emission 
characteristics of these  traps.  It will be  seen  that when 
the  conduction  minima with which a trap interacts  are 
identified,  a  consistent  picture of the emission and 
capture  properties  can  be  drawn  and,  furthermore, 
agreement is obtained with the  results  deduced  from 
thermal  equilibrium  Hall  effect  measurements. 

3.1. A model for trap emission and capture 

The  total  depletion  layer width X =  W of a  reverse- 
biased  Schottky  barrier  on  n-type  material in the 
presence of traps with energy  depth E T  (measured  from 
the lowest conduction  band  edge) is divided into  two 
regions, with lengths ,l and L = W-A, by the intersec- 
tion of the  trap level and  the  Fermi level E F .  Then,  the 
band  bending  energy V ,  at X=,? is related to ET by 
[27]: 

ET=qVLfEF (1) 

and  the excess  voltage V, associated with the  trap 
density NT for 0 < X <  A is 

V ~ ” = A ( E ~ N T / ~ ) ~ ’ ~ ( C W ’  - CL1) (2) 

where Cw = u l / W  is the  measured  diode  capacitance 
and CL= €AIL,  and  A is the  diode  area. V, is deter- 
mined  from  a  set of voltage measurements  at  constant 
capacitance  when the  traps  are full for O<X< W and 
empty  for O<X<J.. Also 

V,  = Cc2 dVldC;2 (3) 

where C, represents  the  depletion  layer  capacitance 
when the  traps  are full for 0 < X <  W .  According  to 
equation (2), a  plot of V:’’ against CG’ determines CL 

accurately  without using the values of A or E which 
might introduce  errors.  Thus V,, and finally ET at  the 
measurements  temperature,  are accurately  known by 
using equations (3) and (l), respectively, to within the 
dispersion of the  Fermi  distribution.  At  the  same  time, 
the value of NT is determined  from  the  slope of the plot 
of V;’ against C%’. 

The thermal  emission  constant e, from  a  trap level 
to  non-spherical  conduction  band  minima  can  be 
expressed by [27]: 

e,/T’ = E ,  exp[ - (APT+  hEB)/kT] (4) 
and 

where AET= AE!- a T  is the activation  energy of 
the  trap, a its temperature coefficient, 0‘ (cm’) = 
a‘, exp( - AE,/kT) is the thermally  activated  emission 
cross  section with barrier  energy AEB, g, is the  degen- 
eracy factor, md and m, are  the density of states mass 
and  the  conductivity  mass,  respectively. The  thermal 
velocity of carriers  has  been  included in equations (4) 
and (5) as ~~=(3kT/m, )”* .  A  plot of T’le, against 1IT 
yields AEe = AE!: + AEB and E,. If AEB is known, AE! 
together with ET (obtained  from  equation (l)), define 
the final state in the  conduction  band of an emission 
transition. 

The  capture  constant, c ( S - ’ ) ,  of electrons by traps 
is related to  the  electron  capture cross section a‘ by 

c = acu5+ nt 
where ng is the  concentration of electrons in the 6 = r, 
L or X conduction  band  minima  and U $  is the  thermal 
velocity of electron in the  corresponding  minimum. 

In a typical DLTS experiment, c is obtained  from [28] 

(6) 

1 - AC(t,)/AC( m )  = exp( - ct,), 

where t, is the  trap filling time  and AC( m ) is the  peak 
value of the normalised DLTS signal at  a given tempera- 
ture T.  The slope of the plot of c against 1/T  determines 
the activation  energy  for  carrier capture.  The  corres- 
ponding  values of a‘ at different temperatures may be 
determined by using equation (6) and  thus a: and AEB, 
given by a‘= OS, exp( - AEB/kT), may be determined 
from  a  plot of a‘ against UT if the  temperature  depen- 
dence of nE is known. 

(7) 

3.2. Experimental results 

Figure 5 shows the emission  activation  energy  plots  for 
electron  traps  detected in LPE Al,Gal-,As with 0.25 
x <  0.36 [29]. Electron  traps were  not  detected  for 
xs0.25. For  the indicated  range of x the  centres  are 
characterised by the  same emission  activation  energy 
AEe = 0.210 +. 0.005 eV and  a  monotonically  decreasing 
value  of E ,  with increasing AlAs  content, x. Identical 
results are  obtained with aluminium  Schottky  diodes. 
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Figure 5. Temperature  dependence of the  emission 
time  constant for the D-X centre  electron traps in LPE 
AI,Ga,_,As in the direct band-gap  range. 

The value of E ,  decreases  from 2.0 X lo3 S” K-’ f or 
x = 0.25 to 0.6 X lo2 S - ’  K-’ for x = 0.36. 

Capacitance-voltage data  were  obtained  under 
trap-empty  and  trap-full  conditions by appropriately 
varying the bias and cycling the  temperature.  Plots of 
Vi” against C,’ for  various  values of x ,  obtained  from 
measurements  at 100 K are  shown in figure 6 .  From  a 
regression  analysis of this  data,  values of trap  depth ET 
are  obtained,  and  these  are listed  in table 1. Values of 
the emission  activation  energy AE,  and  the  difference 
AE, - ET are also  listed in table 1. 

The plots of the  capture  constant c against  inverse 
temperature  for  Al,Ga,-,As with x=O.25,  0.29,  0.32 
and 0.36 are  shown in figure 7(a) .  The  capture  con- 
stants  were  obtained  on  the basis of equation (7) from 
DLTS data.  The  thermal  activation  energies of the  plots 
of c against 1/T are also  shown in figure 7(a). 

On  comparing  the  values of ET and AE,  for  the 
electron  traps in Al,Gal-.,As  as given in table 1, it will 
be seen  that  the final states of the emission  transitions 
cannot  be in the r minimum.  In  fact,  the  difference 
between  the  values of ET and AE,  is only  slightly less 
than  the T-L energy  separation  found  for  this  compo- 
sition  range both  from  pressure  measurements [30] and 
from  a  three-conduction-valley  analysis of Hall  effect 
data  for  the  same  crystals.  Moreover,  the  Hall  effect 
studies yield values for ET which are in excellent  agree- 
ment with those  derived  from  the C-V measurements 
using equation (1). It is,  therefore,  concluded  that  the 

traps in Al,Ga,-,As  for 0 . 2 5 s x s 0 . 3 6  are  linked  to, 
and  emit  electrons to the L valleys. Hence, AEe - ET = 
AE,,+  AEB; these  values are listed in table 1. The 
emission  cross  sections, a%,  for  the  electron  traps  are 
also  listed  in table 1 and  are  found  to  decrease  monoto- 
nically with increasing AlAs  content. 

If it is assumed  that  the  traps in AI, Ga, “x As  capture 
carriers  from  the L valleys for 0 . 2 5 s x s 0 . 3 6 ,  the 
capture  constant c may be  expressed  as 

c = acv,LnL, (8) 

where uT and nL are  the  thermal velocity and  the 
concentration of electrons  in the L valleys,  respecti- 
vely. Also, in the  direct  band-gap  region, nL/nr= 
( r n ~ l r n ~ ) ” ?  exp( - AELr/kT) ,  where nr is the  concentra- 
tion of electrons in the valley. Furthermore,  the 
approximation n r f  nH is valid in the  temperature  range 
in  which the  capture  constants were determined. nH( T )  
is the  measured  Hall  carrier  concentration  and may be 
expressed  as nH(T) = NH exp( - A E H / k T )  in the  tem- 
perature  range of interest. AEH is the effective thermal 
activation  energy of nH( T )  and N H  is the  value of nH( T )  
for T-+ W .  The activation  energy of a  plot of c against 
1/T as in figure 7(a),  according to  equation (8), is equal 
to (AEHS  AELr+  AEB). Knowing AEH, the values of 
(AELr+  AEB) are  obtained.  These values are included 
in table 1. The good  agreement  between  the values of 

Figure 6. Plots of E’* against  inverse barrier 
capacitance, C;’, for LPE AI,Ga,-,As with 0 . 2 5 ~ x s 0 . 3 6 .  
Extrapolation to V,=O yields Cr’. 
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Table 1. Parameters  for  electron  trap  in AI.Ga,-,As determined  from  analysis  of C-V 
data, thermal  emission  and  capture  measurements. 

AlAs 
content, 
A 

AEe- E T =  
AELr + AEB (eV) 

0: 
(IO- l9 cm') 

U', 
cm') 

0.25 
0.27 
0.28 
0.29 
0.30 
0.31 
0.32 
0.35 
0.36 

0.083 
0.086 
0.095 
0.101 
0.103 
0.105 
0.122 
0.138 
0.135 

0.210 
0.210 
0.205 
0.210 
0.205 
0.203 
0.210 
0.220 
0.200 

0.127 
0.124 
0.110 
0.109 
0.102 
0.098 
0.088 
0.082 
0.065 

0.116 
- 
- 
0.107 
- 
- 
0.084 

0.071 
- 

9.2 
7.0 
6.0 
5.3 
1.9 
1.6 
1.4 
0.5 
0.3 

t Data obtained at 100 K.  
$ Data obtained from  emission experiments. 
9 Data obtained from carrier capture measurements. 

AELr + AEB determined  from  independent emission 
and  capture  measurements  should  be  noted. 

The  capture cross  section  for  carrier  capture, G', 
was  calcuated  from  the  capture  constants  at  different 
temperatures using equation (8). The values of rnf.lrno 
used to  determine U! are  the  same  as  that  used  for 
carrier  emission and  the  value of nL was obtained  from 
a  three-conduction-valley  analysis of Hall  effect data. 
Fairly  good agreement  between a', and a: is obtained 
for x = 0.25 and 0.29. However,  for x = 0.32 and 0.36, 
carrier  capture via both  the L and X valleys had  to  be 
included to  improve  the  agreement  between a: and OS,. 

lo3  

+ i 
0 
L 

al 
L 
3 
c 

: l o 2  
a 

60 70 80 90 

The final values are listed  in table 1 and  the  plots of cre 

against 1/T are displayed  in  figure 7(b).  It is interesting 
to  note  that d is thermally  activated  according to 
a' = a', exp(lAEBl/kT).  An  activation  energy of  IAEBI = 
0.02 eV is obtained  from  the  slope of these  plots, which 
is very  small. The conduction  band  structure of 
Al,Ga,-,As,  the  position of the L minima  as  obtained 
from analysis of Hall  effect data  and  the  trap  energy 
depth ET as  obtained  from analyses of capacitance  data 
and  Hall  data  are  shown in figure 8. 

The 0.21 eV  electron  trap in Al,Ga,-,As is next 
discussed. The  data of figure 8 indicate  that  there is an 

10-16 

1 IT (K") l / T K" 1 

Figure 7. Results obtained  from DLTS capture  measurements  on AI,Ga,-xAs. ( a )  Capture constant  against  inverse 
temperature; (b )  electron  capture  cross  section as a  function  of  inverse  temperature. 
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Figure 8. The conduction  band  structure  and the 
energy position of trap levels in AI,Ga,_,As at 300 K. 
[O) From analysis of C-V data; (D) and (0) from 
analysis of temperature  dependence of  Hall carrier 
density ([l71 and [291). 

excellent agreement,  for  nine  different crystal  compo- 
sitions,  between the  energy level depth of the  trap 
deduced  from  thermal  equilibrium  Hall  effect  measure- 
ments  and  from  the C-V results  interpreted on the basis 
of equations (l), (2)  and  (3). The energy  variation of 
the  L  minima determined  from analysis of these  data 
are in excellent agreement with previous data, shown in 
figure 1; the values of AELr are identical to  those 
obtained  from  hydrostatic  pressure  studies  on  the  same 
crystals [30].  It is seen  that  the  trap levels appear  to  be 
rigidly linked to  the  L  minima. In view of the emission 
and  capture  results  presented  here, it  must be con- 
cluded that  these  traps  emit  to  and  capture  carriers 
from the indirect  L  minima  and  not  from the lowest- 
lying minimum.  The  capture  constant c exhibits  a 
strong  temperature  dependence (figure 7(a)). A similar 
result  has  been reported by Lang  and  Logan [31],  who 
attribute  the  temperature  dependence  to an  energy 
barrier  associated with the  capture cross  section arising 
from  a  multi-phonon  emission  process;  this  interpre- 
tation  leads  to  extremely  small  capture  cross  sections 
= 10-30cm2. On the  contrary,  here  the  temperature 
dependence is explained in simple terms as  resulting 
from  the  temperature  dependence of the  electron 
density in the L and X minima.  Since  the  traps  de- 
ionise below room  temperature  and  thus strongly 
reduce  the  carrier  concentration in the  conduction 
band,  the  temperature  dependence of the r conduction 
electrons  has to be  taken  properly  into  account. As 
described in 8 2  these AI,Ga, -,As crystals  show  persis- 
tent photoconductivity at low temperatures. On the 
basis of the  proposed  model of emission and  capture via 
the L minima,  this  effect  can  be  explained  as  follows:  at 
low temperature,  after  photo-excitation,  the  carriers 
are  trapped in the r minimum.  The  important effect of 
the  upper valleys of the  conduction  band, which have  a 
high density of states  compared with the  minimum, 
on the  properties of deep-level  traps  has  been discussed 
by Jaros  [32,33].  His  results may  explain the  strong 
interaction of the  traps analysed in this  work with the  L 

minima.  Finally,  reasonable agreement  has  been 
obtained  between  the emission and  capture cross 
sections,  as  should  be  expected  from  detailed  balance 
considerations. 

In  the indirect  band-gap  range, the  traps  emit elec- 
trons  to  the lowest X  minima  and the binding  energy of 
the levels obtained  from analysis of Hall effect data 
were in good  agreement with the  thermal  activation 
energies for x 2 0.44. The activation  energies  decreased 
monotonically for  x>O.37  to  a value of 0.108 eV at 
x = 0.78  and  are listed in table  2. If the  electrons in the 
trap levels associated with the L and  X  conduction 
minima are assumed to  be tightly bound  to  the ion 
cores,  then,  proceeding  from  the tight-binding  approxi- 
mation,  a  rather simple formulation may be  made  from 
which the binding  energy of the  electron  trap levels 
may be estimated. The large  density of states in these 
minima  justify,  to  some  degree of approximation, such 
a  formulation which leads  to: 

where V,  is the  pseudopotential or interaction  potential 
of the  traps at the L-X crossover  point.  Taking V,  equal 
to  the  measured binding  energy of the level at  the L-X 
band  crossover  composition (x = 0.37),  and  appropriate 
values  for EL and Ex, the  energy  positions of the  defect 
levels below the  conduction  and minima  can  be  calcu- 
lated.  This  energy profile is indicated by the  broken line 
in figure 1. The agreement  between  experimental  and 
theoretical  trap binding  energies  for  large  values of x 
suggests that  the level is associated to  some  extent with 
the L valleys even  when the  X valleys are  the  lowest. 
The discrepancy for X S  0.4 is possibly because of a 
greater  dominance of the  electron wavefunctions in the 
r minimum, which has  been  ignored in the simple 
analysis. 

The two  main  results  derived  from  the trap emission 
and  capture  studies  are  the association of the  traps with 
the  indirect L and  X  minima  and  the  non-existence of 

Table 2. Parameters of electron traps in AI,Ga,_,As 
obtained from transient  capacitance  and Hall 
measurements. 

AlAs 
content, x AEc (eV)t  AEH (eV)$  cm2)t 

0.37 
0.40 
0.43 
0.44 
0.46 
0.50 
0.51 
0.61 
0.78 

0.186 
0.174 
0.160 
0.155 
0.153 
0.145 
0.141 
0.118 
0.107 

0.194 
- 

- 
0.155 
- 
- 
0.115 
0.093 

~~ 

16.0 
3.4 
3.0 
2.8 
2.3 
1 .o 
0.4 
0.1 

0.06 

t Data  obtained for emission  experiments. 
$ Data  obtained from analysis of temperature-dependent 
Hall  data:  this work ( x  = 0.37 and 0.46) and [l71 (x  = 0.61 
and 0.78). 
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an activation barrier  associated with the  thermal cap- 
ture cross  section. The  latter, in reality,  leads to  the 
conclusion that  the  lattice-relaxation of the D-X 
centres  may  be  small,  or  near-zero.  It may be  men- 
tioned  that in Sn-doped AI,Ga,-,As the  thermal  energy 
barrier to  capture  has  been  found  to  be  zero [34]. 
Results  from  other  studies  seem,  to  agree with these 
observations. The association of the  traps with the L 
and X minima  has been  established by Saxena  [35,36] 
from  hydrostatic  pressure-dependent  measurements on 
undoped  crystals. More  recently,  Calleja el af [37] have 
made  the  same  inference  from  data  obtained  from 
pressure-dependent  studies on Si-doped  AlGaAs. 
Tachikawa et a1 [38] have  calculated  the  dependence of 
the D-X centre  concentration on composition  and 
hydrostatic  pressure in AlGaAs, using a  model in which 
the  donor level associated with the L conduction  band 
behaves  as the D-X centre.  The  calculated  electron 
occupancy in the D-X centre  agrees  quite well with 
experimental  results.  In  fact,  these  authors  have  pre- 
dicted the possibilities,  based on the  band  structures, of 
the  presence of the D-X centre in many  other alloys. 
Some  experimental  data  obtained by us from  measure- 
ments on In,-,A1,TAs/InP will be  presented in the next 
section.  Talwar et af [39] have  made  tight-binding 
calculations to  study  the local structure of the  isolated 
Si impurity in GaAs  and  AlAs and  have  fitted  their  data 
to  photo-ionisation  cross  section  data  reported by 
Henning  and  Ansems [40]. The fits lend  support  to  a 
small lattice  relaxation  model. In conclusion, it may be 
said, with some  caution  that  the lattice  coupling of 
these  defects is dependent on dopant species  and  con- 
centration  and  certainly  needs  further  investigation. 

4. Multiplicity of D-X centres 

Measurements  were  made with Schottky  diodes  made 
on molecular beam  epitaxial (MBE) Si-doped 
Al,Ga,-,,As  grown in our laboratories  [41].  Typical 
data [41] obtained  from  conventional  constant-bias 
DLTS measurements on AI,Ga,-,As are  shown in 
figure 9(a).  At this point,  the origins of the  deep  centres, 
except  those  labelled I1 and 111, are largely unknown. 
There is some  evidence  that  the  0.73  eV  trap  (V)  at 
high temperatures may be  related  to  a lattice vacancy 
or  to  an  antisite  [42,43],  but this is to be  confirmed. 
Trap  VI is also  characteristic of samples  grown  at low 
temperatures [44], as is the case in this study.  But  the 
traps of primary  interest  here  are  those labelled I1 and 
I11 which are  seen  more clearly in figure 9(b)  for  a 
sample with high Si doping.  Both  have  characteristics 
similar to  the D-X centre in Si-doped AI,Ga,-,As 
[l 1, 121, and we believe  they are  related.  The  differ- 
ence in thermal  ionisation  energy A E ,  of the  two 
centres,  determined  from  the  Arrhenius  plots  of figure 
10 is  40-45 meV.  This is almost  equal  to  the splitting of 
the L donor  state  due  to  inter-valley  scattering  and  the 
resulting  valley-orbit  splitting  [45].  This  lends  further 
evidence to  the fact that  the  centres  are  predominantly 

J I I I l 1 
65 158 220 273 323 371 420 

65 158 220 273 323 371 420 

T ( K )  

Figure 9. Typical DLTS data obtained  from  two  Si-doped 
MBE grown AI,Ga,-,As samples  with  different values of 
x and  the  free-carrier  concentration, n. (a )  With x= 0.27, 
n= 1.2 x 10"j c m s  and V,,,= -4.0 V, showing  all  the 
traps  present  in  Si-doped AI.Ga,-,As. (b) With x=0.29, 
n=  1 x lo'* cm-3 and V,,,= - 2 V, showing DX1 and 
DX2 centres  separately [41]. 

1021 I , / ,  I I 
4.7 4.9 5.1 5 .3  5.5 

I/T ( l o 3  7'1 

Figure I O .  Temperature-dependent  emission data for 
the  two levels (A) DX1 and (0) DX2 identified  in MBE 
grown  Si-doped AI,Ga,-,As. The  measured  activation 
energies, AEe, are indicated. 
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Figure 11. Variation  of the concentrations of (0) DX1 
and (0) DX2  centres  in  Si-doped MBE A10,29Ga0.7,A~ as a 
function  of  free  carrier  concentration  n. 

coupled to  the L minima,  and  that  there  are  two  (or 
more)  closely-coupled D-X centres  forming  a ‘family’. 
It  should  be  pointed out  that  the exact  energy  values 
may be in slight error  due  to large trap  densities  and 
field-induced  emission  effects that  are associated with 
conventional DLTS measurements.  It may also  be men- 
tioned that  the  presence of two closely related  electron 
traps in MBE and LPE AI,Ga,-,As has  been  detected by 
other  authors [38,45-471. 

The  centration of the  two  centres as  a  function of Si 
doping is shown in figure 11. It is seen  that  the  concen- 
tration of DX1 (trap 11) is lower  than  that of DX2 (trap 
111) at  lower Si doping  levels,  and the reverse is true  for 
high doping  levels.  It  should  be reiterated  that  these 
deep-donor  centres  are  present in addition to a  shallow 
hydrogenic donor whose  concentration is insignificant 
compared with that of the DX centres  at high doping 
levels. Some  authors [45] point  out  that  the shallow 
level changes  to  the D-X centre  for x > 0.24. This may 
not  be true in  view of our  Hall effect data  and of earlier 
work by Saxena [35] and  Chand et a1 [48]. 

5. D-X centres in other Ill-V alloy systems 

Ino.szAlo.dsAs, lattice-matched to  InP is an  important 
ternary alloy which is being  used in a  number of 
electronic  and  optoelectronic  devices. The first experi- 
mental  study of deep level traps in this alloy was made 
in [49]. DLTS measurements  were  made  on In0.52A10.48AS 
doped n- and  p-type with Si and  Be, respectively. Four 
electron  traps  and  four  hole  traps  were  identified.  The 
characteristics of the  traps  were  not similar to  the D-X 
centres in Al,Ga,-,As. Moreover,  Hall  measurements 
on the  same crystals  did  not  show  any  persistent photo- 
conductivity. One may then ask the  question of 
whether  the  centres  can  be  present in compositions 

close to the  lattice-matched  ones. On observing the 
conduction  band  structure of the In,-,AI,As ternary 
system  [38], it is seen  that,  for A1 content >55%,  the L 
and X minima are lower in energy  than  the  minimum. 
It  is,  therefore, of interest  to  investigate  these  compo- 
sitions  for possible existence of the D-X centre. 

DLTS measurements  were  performed [49] on 
Inl-,A1,As samples with 0.48 <x60.57.  These were 
either grown  directly on  the  InP  substrates  or with a 
suitable  graded  buffer  layer,  starting with the lattice- 
matched  composition.  Arrhenius plots of two new elec- 
tron  traps, ES1 and ES2, observed in the  directly  grown 
mismatched  alloy,  of  one  composition in the  above 
range,  are shown in figure 12. Note  that  the  extrapo- 
lated  capture cross  sections oz are = 10-17-10”8 cm2.  It 
was also  observed  that  the  density  of ES1 increased in 
the  range l O I 5  to 1016 cm-3 with increase in Si-doping 
level. The ES2 level did  not  show this trend.  On  the 
other  hand,  the  peak labelled ES2 was almost  absent 
(NT< 10l5 cm”) in the  layers grown with a  buffer  layer. 
This  indicates that  the  trap ES2 is related  to  strain in 
the  ternary  layer.  The persistent  photoconductivit} 
(PPC) behaviour in the samples was studied by cycling 
the  temperature of a  Schottky  diode  and  measuring the 
capacitance  under  different bias and  temperature  con- 
ditions,  as was done with Al,Ga,-,As.  A  large PPC 
effect was observed in samples in which only ES1, or in 
which both ES1 and ES2, were  present. By measuring 
the  amount of incremental  photocapacitance, it is 
found  that  the PPC is due  to  trap ES1 in samples in 
which both ES1 and ES2 are  present.  In view of a  small 
U=,  strong  dependence  on Si-doping and  the  observed 
PPC, it can  be said, with some  caution,  that  the ES1 trap 
has  properties  similar to  the  donor-related D-X centre 
in Al,Ga,_,As.  It is worthwhile to mention  that  Nojima 
and  co-workers [50] have  made DLTS measurements  on 
InGaAlP alloys in which the L minima are lowest in 

Y 

102 
2.6 2.8 3.0 5.1 5.3 5.5 5.7 5.9 

1/r 110-3 K-’) 

Figure 12. Temperature dependence of  the  emission 
time  constant  of  electron  traps  in  strained  ln0.43A10.57A~ 
on InP, in  which  the  indirect L minima are lowest  in 
energy. Traps ESI exhibits  properties  similar to  the 
D-X centre  in AI,Ga,-,As. 
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energy,  and  they  have identified  a trap which also 
exhibits properties similar to  the D-X centre. 

6. Concluding remarks 

It is clearly  obvious that  the  dominant D-X centres, 
first observed in the Al,Ga,-,As alloys, are a class of 
defects with unique  thermal  and  optical  kinetic  proper- 
ties. The  detailed microscopic structure of the defect is 
still unclear.  Assignments  range  from  an  impurity- 
vacancy complex,  originally proposed by Lang [lo],  to 
a  simple  substitutional  donor  defect,  proposed by 
Mizuta et a1 [45]. In  this paper I  have  reviewed and 
described the  other  important  aspect of the D-X 
centres-their relationship with the  conduction  band 
structure,  and, in particular,  their association with the 
indirect L and X  minima in Al,Ga,-,As. It is shown 
that  taking this  fact into  account  the  observed  thermal 
emission and  capture  properties  can  be consistently 
explained.  The association of the  traps with the  indirect 
minima is also  indirectly  evident  from the  observed 
multiplicity of the levels.  Finally, it is seen  that in the 
In,-,Al,As alloys  grown on  InP,  traps  behaving exactly 
like the D-X centres  emerge  once  the L minima are 
lowest in energy in the  conduction  band  structure. 
Similar  results  have  also been  reported in the  InGaAlP 
alloys. It is, therefore,  important  to recognise  this 
important physical property of these  unique  defects  and 
use it as a basis for a  model  for  its  microstructure. 
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