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Doping Gradients in Layers of Gallium 
Phosphide Grown by Liquid Epitaxy 

P. D. S U D L O W ,  A. M O T T R A M ,  A. R. PEAKER 
Ferranti Ltd, Chadderton, Lancs, UK 

Layers of epitaxial gallium phosphide doped with either tellurium, sulphur or zinc over the 
range 10 '~ to 10 '8 cm-2 have been grown from gallium solution using a vertical dipping 
system. These layers of thickness 60 to 80 /~m have been produced on the (1 00) and 
(111)B faces of gallium phosphide single crystal substrates at high growth rates. Doping 
gradients have been investigated by a Schottky barrier technique over an angle lapped 
region of the grown slice, measuring the capacitance voltage characteristics of the 
individual barriers. Significant changes in doping level have been observed throughout the 
thickness of the layers and these are related to the variation of distribution coefficient, the 
losses of impurity from the system and the presence of competing background impurity 
systems. 

1. Introduction 
It has been reported previously [1, 2] that the 
fabrication of high efficiency gallium phosphide 
light emitting diodes, red and green, has been 
best achieved by a p/n structure where both 
layers have been grown from solution. Efforts to 
improve the diode efficiencies have led to a need 
for greater control and understanding of the 
processes occurring during growth, particularly 
with respect to the impurity concentration 
profiles in the crystal and hence the control of the 
electrical characteristics of the material. Earlier 
workers characterised their material by Hall 
effect measurements but except for the case 
where there is an absence of doping gradient this 
result can be misleading giving an answer tend- 
ing towards the highest value in the layer regard- 
less of its position. In the majority of cases of 
epitaxial growth of gallium phosphide, large 
doping gradients exist unless particular tech- 
niques have been adopted. 

Although data has been published on the 
distribution coefficient of various important 
electricallyactiveimpuritiesin gallium phosphide, 
these are mostly for growth from a stoichio- 
metric melt at its melting point [3] or for growth 
from the vapour phase by halide transport [4]. 
Little information is available on the doping 
characteristics of the various important elements 
when the crystals are grown from a Ga rich melt. 

168 

To treat the problem theoretically in any detail~ 
it would be necessary to simultaneously consider 
fluid flow in the melt, solute concentration 
gradients, undercooling at the solid liquid inter- 
face, and other interface phenomena involving 
absorption, nucleation, surface diffusion, etc. The 
effect of impurities on each of these parameters 
would also have to be considered. In view of the 
present lack of basic data, this would seem 
impracticable. Experimentally however, much 
useful information can be collected and hence we 
have investigated the doping gradients in our 
liquid epitaxy system for undoped, sulphur, 
tellurium, zinc and zinc/oxygen doped material 
using a Schottky barrier technique and have 
subsequently made efforts to reduce them. 

2. Experimental 
2.1. Liquid Epitaxy Growth Process 
The firsLliquid epitaxy layers were grown from 
gallium solution using the horizontal tipper 
technique [5]. In our laboratories the majority 
of the work has been concentrated on the vertical 
dipping system, illustrated in fig. 1 [6, 7], which 
has proved to be a more easily controlled system 
readily lending itself to scaling up for the 
processing of large substrate areas. 

The quartz reaction vessel, surrounded by a 
wire resistance furnace and gold plated reflector, 
was carefully cleaned in silica cleaning fluid 
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Figure 1 L iqu id  ep i taxy  appa ra tus .  

(1:7:12, HF :HNO3H20) and thoroughly rinsed 
with de-ionised water prior to use. The furnace 
profile was such that the melt was situated in a 
region where the temperature increased from the 
bottom to the top of the melt by approximately 
10~ thus reducing the convection effects which 
could lead to severe instability problems in melts 
greater than 1 cm high. A melt consisting of an 
8.4 mole ~ solution of polycrystalline gallium 
phosphide (95 purity) in gallium was held in the 
quartz crucible as shown and the substrates were 
pinned to the holder with 1 mm diameter quartz 
rod. Experiments were conducted in which a 
vitreous carbon crucible was substituted together 
with a carbon coated holder in an attempt to 
reduce the background silicon contamination. 
The electron mobilities for the gallium phosphide 
layers grown using the carbon crucible and 
substrate holder were consistently higher than 
those for layers grown in the origirtal apparatus, 
and although the back-ground impurity concen- 
tration did not decrease, this modification was 
adopted as general practice, except for zinc/ 
oxygen doped layers. No evidence of carbon 
contamination was found in the material. 

Doping of the grown layers was achieved by 
the addition of the elemental dopants (95 purity) 
directly to the melt except in the case of oxygen 
doping where powdered /3 form Ga~O~ was 
added. The majority of investigations were 
concerned with typical doping levels of the order 
of  1017 to 1018 cm -3, appreciably higher than the 
residual impurity level but not so high that 
precipitation would cause problems. 

The substrates used were either (100) or 
(1 1 1)B oriented slices cut from gallium phos- 
phide ingots grown by the liquid encapsulated 

Czochralski technique [8] or were high resistivity 
(p > 103~cm) slices grown by the halide 
transport vapour deposition technique [4]. 
Prior to use, they were lapped, polished with 
1 tLm, then k tzm paste, degreased, etched in 50 
aqua regia and finally rinsed in double de- 
ionised water. For good quality epitaxial growth, 
a low initial super saturation was to be preferred, 
but it was also essential to keep any back-etching 
of the substrate in situ to a controlled minimum 
if consistent doping profiles were to be obtained. 
The melt was taken up to 1040~ in an atmos- 
phere of palladium diffused hydrogen and held at 
that temperature for 10 rain to allow all the 
polycrystalline gallium phosphide to completely 
dissolve. During this period the substrates were 
lowered to a position just above the melt surface. 
After a further 4 rain, the substrates were dipped 
into the melt, back-etched by increasing the melt 
temperature and then cooled at a rate which 
could be varied from 0.1 to 10~ until 
910~ was reached, at which point the sub- 
strates were removed from the melt to a colder 
region of the growth tube. A facility for stirring 
the substrates at rates of the order 5 rev/min was 
included in the apparatus. For zinc and zinc/ 
oxygen doped layers, the substrates were not 
withdrawn at 910~ but left in the melt down to 
25~ These conditions gave smooth layers 
approximately 60t~m thick exhibitingmicroscopic 
(l~m) undulations commonly observed on 
liquid epitaxially grown surfaces. Any growths 
with gallium inclusions either in the layer or at 
the layer/substrate interface were discarded as 
unsuitable for further work. If the growth had 
continued at this rapid rate the onset of constitu- 
tional supercooling, caused by a build-up o f  
solute at the interface depressing the liquidus 
temperature, would have caused the complete 
break-up of the crystal structure; but for growth 
thicknesses <~ 100 Fm this did not occur. 

2.2. Measurement Technique 
For the range of impurities used, the only 
practicable methods of accurately measuring the 
doping levels in narrow regions are based on 
electrical techniques. Of these it has been found 
that a Scbottky diode method [9] enables rapid 
measurements to be taken with a high degree of 
accuracy. 

Because of the small penetration of the 
Schottky diode depletion region for the doping 
levels used, in  order to obtain values for the 
whole of the grown region it is necessary to angle 
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lap the layer and evaporate a matrix of circular 
gold barriers over the bevelled area.This structure 
enables a series of discrete values of carrier 
concentration to be determined at equal intervals 
below the semiconductor surface. If  high accuracy 
is to be obtained, the lateral variation of doping 
level across the slice must be small in comparison 
to the vertical change and it must also be 
possible to use the standard relationship to 
determine carrier concentration values from the 
C- V characteristics, namely: 

1 2 ( V a -  V) 
C 2 q En 

where q is the electronic charge, E the absolute 
permittivity of the semiconductor, n the carrier 
concentration, Vd the barrier diffusion voltage, V 
the applied voltage and C the capacitance per 
unit area. 

The first condition was found to be met in 
almost all circumstances and is true for the 
data presented in this paper. The second 
requirement was met by examining the I -V  
characteristic of the diodes. If  the value of n in : 

Ioc  exp (qn--~-T) 

was greater than 1.10 the diode was assumed to 
be non-ideal due to interfacial layers or surface 
states and was not used in the measurements. 

The capacitance measurements were made using 
a ! MHz autobalance bridge, each barrier being 
contacted in turn by a gold wire probe. The 
largest error was in the determination of diode 
area but the absolute error of the measurement 
was estimated to be not more than • 10 % with a 
relative error of not more than • 5 %. 

The method does, however, determine the free 
carrier concentration which is not necessarily the 
impurity concentration. The measured value 
normally is equal to the net value of electrically 
active impurity concentration, that is it represents 
the differencebetweenionised donor and acceptor 
concentrations. Previous work has related the 
individual values of donor and acceptor concen- 
tration to the total impurity concentration by 
radiotracer techniques [3]. This discrepancy can 
be identified in our results and is discussed later. 

3. Results 
Both Hall and Schottky measurements showed 
all the undoped layers to be n-type. Low 
temperature Hall measurements and more recent 
cathodoluminescent studies haveindicated silicon 
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to be the predominant background impurity with 
small amounts of sulphur also present. This 
corresponds to observations reported previously 
[10, 11 ] which showed that with similar appara- 
tus and techniques to those described in this 
paper the total atomic Si content (k0 ~ 0.6) 
would be approximately 5 x 1017 cm -~ for 
layers grown on (I 1 1) substrates. The value of 
ND -- NA calculated from the capacitance data 
is plotted in fig. 2, with respect to position in the 
grown layer. This position was measured 
relative to the top surface of the epitaxy layer, 
that is, the last grown surface. It can be seen that 
there is a consistent increase in the net carrier 
concentration from first grown region to the 
surface by a factor of approximately six. By 
comparison with the growth schedule these 
initial and surface values correspond to tempera- 
tures of 1040 and 910~ respectively. 

Fig. 2 also shows the marked anisotropy of the 
distribution coefficient. This was first reported by 
Hall [12] who suggested that the possible 
mechanism for the non-equilibrium amount 
frozen into the solid in the (1 1 1) direction was 
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Figure 2 Doping prof i les in undoped  l iquid epi taxial  layers 
of  GaP g rown on (100) and (111) or ienta ted subs t ra tes .  
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due to the interface being singular and thus 
requiring the nucleation of growth steps to 
advance. The lateral velocity of these steps due to 
surface diffusion can be greater than the velocity 
normal to the solid/liquid interface, namely the 
growth velocity [ 13] and consequently this could 
account for the increased value of k (1 1 1). 
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figure3 Doping profiles in Te and S doped liquid epitaxial 
layers of GaP grown on ( i00) and (111) orientated 
substrates. 

The profiles for sulphur and tellurium doped 
samples are plotted in fig. 3. These show a similar 
increase in net carrier concentration from first to 
last grown regions as observed with the undoped 
samples. To obtain initial n-type concentrations 
of the order 2 x 1017 cm -3 it was necessary to 
add approximately 10 -2 at. ~ Te or 10-4~ S to 
the melt. Losses from the melt due to evaporation 
were minimal as indicated by the fact that up to 
five consecutive runs from the same melt each 
gave identical profiles and almost the same initial 
concentration. The shapes of the profiles for each 
dopant type on different substrates did not differ 
appreciably and were consequently considered 
to be independent of the substrates. This meant 
that providing the back etch was kept to a 
controlled minimum compatible with good 
growth the profiles observed could be attributed 
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Figure 4 Doping profiles in Te doped liquid epitaxial layers 
of GaP grown on (111) orientated substrates showing the 
variation of the profiles with stirring. 

entirely to the growth process. Each of the 
profiles in figs. 2 and 3 were measurements taken 
on layers grown from unstirred melts at the 
comparatively fast cooling rate of 10~ min -1. 

The results plotted in figs. 4 and 5 show the 
effect on the profiles of the introduction of 
mechanical stirring and the use of slower cooling 
rates. Suitable choice of these two parameters 
could reduce the difference in net carrier concen- 
tration from the initial growth to the surface to 
within a factor of two. The significance of these 
results will be discussed later. 

The net carrier concentration for the zinc and 
zinc oxygen doped samples decreased with 
distance from the first grown region by a factor 
of at least ten, fig. 6. Problems due to evapora- 
tion losses were encountered and the melt had to 
be re-doped after each run. The effect on the 
profile of adding oxygen to the melt was 
negligible with just a slight drop in concentra- 
tion due to compensation although the electric- 
ally active oxygen content was thought to be only 
5 x 1016 cm-2. More important was the effect of 
the residual impurity level creating a near 
compensated region close to the surface where 
the zinc concentration had dropped to below 
1017 cm-~. 

4. Discussion 
The theories of growth from the melt particularly 
with respect to normal freezing and zone melting 
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Figure 5 Doping profiles in Te doped liquid epitaxial layers 
of GaP grown on (111 ) orientated substrates showing the 
variation of the profiles with cooling rate. 

have been discussed in great detail elsewhere 
[14-16]. Chemical reactions occurring at the 
interface of  two phases depend not only on the 
chemical transformation itself but also on 
the transport of reactants or products to or from 
the interface. The significance of a single process 
depends critically upon the system under study 
and often upon the individual experimental 
conditions. 

The equilibrium distribution coefficient ko 
defined as: 

concentration in solid (Cs) 
k~ = concentration in liquid (Cj~) 

characterises the incorporation of impurity in a 
crystal when equilibrium exists between the two 
phases for a given temperature and, according to 
whether the addition of solute raises or lowers 
the melting point of the solvent, the value of k 0 
can be less than or greater than unity. If how- 
ever, crystallisation does not proceed slowly, 
solute atoms are rejected by the advancing solid 
at a greater rate than they can diffuse into the 
bulk of the melt where fluid flow dominates. This 
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leads to the definition of two further distribution 
coefficients: 

k = (Cs)/(Cj . )  for finite growth rate 
k*  = (Cs)/(CL)(o) for finite growth rate 

Whether the flow in the liquid is laminar or 
turbulent there will be a region of laminar flow 
very close to the interface where the velocity o f  
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Figure 7 Solute concentration near an advancing solid- 
liquid interface for different conditions of crystal growth. 
(After Burton and Slichter.) 
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flow, except that velocity normal to the interface 
due to crystallisation, is so small that diffusion is 
the primary means of transport. Outside this 
region, width 3, transport by fluid motion can 
dominate. It can be shown that 

3 = 1.6 D ~/3 vl/6~o -~,/~ 

[15] where D = diffusion coefficient, v = kine- 
matic viscosity, and oJ = angular speed of  
rotation and has typical values of 10 -~ cm for a 
vigorously stirred melt, 10 -1 cm for an unstirred 
case. In the growth of liquid epitaxy layers, the 
thickness of growth is approximately 50 Fm or 
less, and hence the crystallisation occurs in a 
region where diffusion is the primary means of 
transport although changes in the fluid motion 
in the bulk can affect 3 and hence CL(0). 

Burton et al  [14] have considered a one- 
dimensional analysis of  the steady state situation 
by considering the conservation of solute atoms 
at the interface and by applying appropriate 
boundary conditions. They assumed that the 
diffusion coefficient of the solute was indepen- 
dent of concentration in dilute solutions, that the 
fluid was incompressible, and that the one- 
dimensional analysis was appropriate since the 
radial solute distribution was uniform. This 
simplified the continuity equation to : 

d~Cx dCx 
D dx-- ~ - Vx-d--~x = 0  

where Cx is the concentration at point x 
Vx is the sum of the normal fluid velocity W and 
the growth velocity f ,  and D is the diffusion 
coefficient of the solute. This leads to the 
following expressions for the effective distribu- 
tion coefficient in the solid. 

k* 
k =  

k* + (1 - k*)exp - A  

where A = ( f 3 ) / D  = normalised growth velocity, 
f = linear growth rate. D = diffusion coefficient 
for impurity in solution. The termA embodies the 
three main factors affecting the distribution 
coefficient in that k depends critically on the 
relative magnitude of the linear growth rate and 
the diffusion coefficient while external factors 
such as stirring can affect the value of 3. 

Experiments completed in our laboratories 
have shown that the growth rate for our specific 
conditions changes linearly with temperature by 
a factor of  5 to 6 over the temperature range 
concerned (1040 to 910~ but below 915~ it 
decreases rapidly to zero. The rate of diffusion 

of the elemental impurity decreases exponentially 
over this range from its initial typical value of  
10 .5 cm 2 sec -1. This work suggested that both 
the growth rate and diffusion rate could each 
dominate alternately during the growth cycle. 

4.1. n-type Material 
Although Saul and Hackett [17] suggested that 
the incorporation of tellurium in gallium 
phosphide was an equilibrium process and that 
the doping profiles observed in their liquid 
epitaxial layers reflected a true temperature 
dependence of the distribution coefficient, the 
results presented in this paper are to the contrary. 
The data obtained and presented in figs. 4 and 5, 
indicate that the incorporation of these dopants 
is kinetically controlled rather than an equi- 
librium process. It can be seen from figs. 3, 4 and 
5, that regardless of the growth conditions used, 
the initial slopes of the n-type doping profiles 
are very similar. This can be explained by the 
fact that during the initial stages of growth, that 
is at the higher temperatures used, the growth 
rate of the liquid layer and the diffusion rates of  
S and Te in Ga are on the same order of magni- 
tude and as a consequence, the dopant concentra- 
tion would be independent of their diffusion 
rates and could therefore show a true depen- 
dence on distribution coefficient. As the tempera- 
ture is lowered, the diffusion rate of the dopants 
tends to decrease at a much greater rate than the 
slzeed of growth and hence the incorporation of  
n-type dopants becomes diffusion controlled and 
as k < 1 a build-up of impurity occurs at the 
growth interface leading to an increased 
concentration in the solid. If  growth was 
continued at temperatures below 910~ then 
because of the rapid decrease in the speed of  
growth, the incorporation of dopant into the 
layer during this period could no longer be 
diffusion controlled and the concentration in 
the solid would be expected to reduce to that 
calculated from the concentration in the bulk of  
the liquid and the equilibrium distribution 
coefficient at that temperature. This has been 
confirmed experimentally, an example is shown 
in fig. 5 for the layer grown at a cooling rate of  
12 ~ C/min-1. 

As a result of these observations, it is reason- 
able to assume that only the profiles of material 
grown at slow cooling rates ( <  1 ~ C/rain -1) from 
a stirred melt will show the near true tempera- 
ture dependence of the distribution coefficient 
for the n-type dopants considered. Plots of  
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distribution coefficient against temperature are 
shown in fig. 8. As mentioned previously, a plot 
of temperature against layer thickness during 
growth, could be taken as linear over most of the 
relevant temperature range and hence it was 
possible to attribute a definite temperature to 
each level within the grown layer. The distribu- 
tion coefficient was calculated from k = Cs/Cs 
making no allowances for possible errors due to 
evaporation losses. However, these losses were 
proved negligible for the donor impurities 
investigated. 
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Figure 8 Effective distribution coefficient as a function of 
temperature for S and Te doped liquid epitaxial layers of 
GaP grown on (100) and (111) orientated substrates. 

The use of electrical measurement techniques 
rather than the more commonly used chemical 
tracer method, for the impurity profiling of 
semiconductors can account for the changes in 
gradient observed in the plots of distribution 
coefficient against temperature shown in fig. 8. 
Hall effect and Schottky barrier methods both 
measure the net carrier concentration ND -- NA 
or vice versa, rather than the true chemical 
impurity level, and as a result, it has to be 
assumed that each dopant atom incorporated in 
the lattice is singly ionised [3]. If the concentra- 
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tion of n-type impurity exceeds 2 x l0 ss cm -a 
precipitates of the dopant can occur in the lattice 
leading to a lower value of N u -  NA than 
expected and for (100) material, n = 5 x l0 s6 
cm -3 the background impurity level becomes 
comparable with the intentional doping, hence 
the measured ND - NA may not be that predic- 
ted from the distribution coefficient and the 
concentration in the liquid melt. 

4.2. p-type Material 
Our results indicate that the incorporation of 
zinc in gallium phosphide is an equilibrium 
process, not kinetically controlled and as such is 
unaffected by parameters such as cooling rate 
or stirring. This is in agreement with the obser- 
vations of Saul and Hackett [I 8 ]. As the diffusion 
rate of zinc in molten gallium at the tempera- 
tures concerned is some 10 ~ greater than the 
fastest growth rate this result confirms the 
proposed mechanism. The temperature depen- 
dence of the distribution coefficient for zinc in 
gallium phosphide deduced from the doping 
profile is plotted in fig. 9. 
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Figure 9 Effective distribution coemcient as a function of 
temperature for Zn doped liquid epitaxial layers of GaP 
grown on (111) orientated substrates. 
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Devia t ion  f rom the s t ra ight  line at  the high 
t empera tu re  region is p r o b a b l y  due to the 
diffusion o f  zinc in the solid after  g rowth  level- 
l ing out  the doping  gradient .  This is a very 
significant mechan i sm while the t empera tu re  o f  
the melt  is of  the o rder  o f  1000~ as diffusion 
across the grown layer -subs t ra te  interface is 
occurr ing  because o f  the  concen t ra t ion  grad ien t  
[19]. The devia t ion  o f  the p lo t  f rom a s t ra ight  
line for  the la ter  stages o f  g rowth  show the effect 
o f  zinc loss due to evapora t ion ,  thus depressing 
the carr ier  concent ra t ion  below the expected 
value. 

I f  evapora t ion  losses were minimJsed and  all 
the zinc a toms  inco rpora t ed  in the lat t ice were 
singly ionised [20] then fig. 9 would  represent  the 
t empera tu re  dependence  of  the d is t r ibu t ion  
coefficient for  zinc in gal l ium phosphide .  
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