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Abstract 

Doping studies of the incorporation behaviour of three different dopants (Zn, In and Si) versus the misorientation of the 
(100) surface during MOVPE growth of GaAs have been carried out with diethylzinc, trimethylindium and disilane as 
precursors. The incorporation of the dopants has been studied as function of the input mole fraction dopant, growth 
temperature, degree and direction of misorientation. In order to explain the results we discuss the BCF theory and the nature 
of the steps as function of above mentioned parameters. It appears that the BCF theory alone cannot explain the results, a 
counteracting mechanism has been introduced based on preferential arsenic desorption from the step edges. 

1. Introduction 

Since the first publications by Manasevit [1], 
MOVPE has developed into a mature crystal growth 
technique and is nowadays used for large scale pro- 
duction of  devices. Because it results in the smoothest 
surfaces, MOVPE of GaAs is typically performed on 
slightly misoriented (100) surfaces. However, the 
effect of the direction and the magnitude of the 
misorientation on the different incorporation be- 
haviour of  dopant elements has scarcely been inves- 
tigated, although differences up to 40% have been 
found in doping level for only a difference of  a few 
degrees in misorientation [2,3]. Furthermore, the two 
different step configurations on the (100) surface 
give rise to anisotropic incorporation of  doping 
species [4,5]. 

* Corresponding author. Fax: +31 24 3652314; E-mail 

paulh@sci.kun.nl 

We present a study on the orientation dependence 
of  the incorporation process of  three different dopant 
species in GaAs during MOVPE as a function of the 
growth temperature, the input mole fraction of the 
precursor and the amount and the direction of the 
misorientations of the GaAs (100) substrates. We 
used respectively an iso-electronic dopant (indium), 
a p-type dopant (zinc) and an amphoteric n-type 
dopant (silicon) each with their own incorporation 
mechanism [5-9]. 

2. Experimental details 

GaAs epitaxial layers have been doped with in, 
Zn or Si, by MOVPE (20 mbar) in a horizontal 
reactor at growth temperatures between 640 and 
760°C on GaAs substrates. These semi-insulating 
substrates were all exactly (100) or misoriented by 
2 ° , 4 ° or 6 ° towards (011) or towards (017), i.e. 
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towards the two major step directions. Trimethylgal- 
lium, trimethylindium, diethylzinc, disilane and ar- 
sine have been used as precursors. A constant TMGa 
partial pressure of 2.5 × 10 3 mbar (V / I I I  ratio 
between 35 and 225) resulted in a growth rate be- 
tween 0.2 and 0.3 #m/ ra in ,  depending on the growth 
temperature. The indium concentrations in the com- 
pletely unrelaxed epitaxial layers were determined 
from photoluminescence spectra [10]. The carrier 
concentrations of the zinc- and silicon-doped sam- 
ples were determined by Hall-Van der Pauw mea- 
surements. 

3. Results and discussion 

The epitaxial layers showed mirror-like surfaces 
at all growth conditions, even the strained 
In,Ga L ,As layers, because their thicknesses were 
kept below the critical layer thickness for the forma- 
tion of misfit dislocations [11]. The background con- 
centration of undoped GaAs was low (n ~ 5 × 10 H 
cm -3). No saturation was observed for the Zn- and 
Si-doping experiments [6,7], justifying the assump- 
tion that the measured charge carrier concentration 
can be taken equal to the incorporated dopant con- 
centration. 

From studies on the temperature dependence of 
the dopant incorporation, we obtained apparent acti- 
vation energies (E~,pp) for the three different dopants 
(Zn, Si and In), averaged over the used misorienta- 
tions; no significant variations between the different 
orientations were observed. 

An Eat,~ , of - 5 9  kcal mol 1 is obtained for 
doping with DEZn. An adsorption/desorption equi- 
librium of zinc species at a step followed by step 
trapping is responsible for this incorporation be- 
haviour [5,7]. This is supported by the fact that in a 
log-log plot of hole concentration versus input mole 
fraction DEZn a linear behaviour is observed with a 
slope of 1 for all the used orientations [5]. 

Experiments with TMIn as dopant showed an 
E:,vp of 9.7 kcal tool - l ,  which is explained by the 
presence of an adduct of TMIn and AsH~ at lower 
growth temperatures [12]. The small TMIn concen- 
tration is rate limiting for this adduct formation. This 
results in a reduced indium incorporation rate since 
the flux of the adduct to the surface is smaller 

because of its smaller diffusion coefficient and the 
larger Soret effect as compared to the monometh- 
ylindium species. At higher temperatures the adduct 
becomes less stable and decomposes with an en- 
thalpy of 10 kcal tool ~, raising in this way the 
surface concentration of indium. The indium distri- 
bution coefficient increases from 0.65 (which is 
comparable to the value found by Kuo et al. [13]) to 
1 when the growth temperature is increased from 
640 to 760°C. This indicates that only at the highest 
temperature step trapping is possible. 

For disilane as silicon dopant, not a surface equi- 
librium, but homogeneous gas phase kinetics are rate 
determining for the incorporation [6]. The obtained 
E~,H, of 32 kcal mol ~ is determined by the gas 
phase decomposition of disilane into SiH2 coupled 
to diffusion of this species towards the growing 
surface at 20 mbar reactor pressure [6]. Theoretically 
one can calculate a value of about 38 kcal mol-  l for 
this case, which is within the uncertainty limits of 
the experiments and the literature values for reaction 
rates and diffusion constants [6]. 

Before discussing the incorporation behaviour 
versus misorientation, a short description of the three 
factors responsible for the anisotropic behaviour of 
the dopant incorporation will be given. 

(i) Kink density. The steps in the two major 
directions on the (100) surface behave differently 
under arsenic-rich conditions during MOVPE due to 
surface reconstruction [ 14,15]. The [011 ] step is fully 
kinked, i.e. its step fi'ont is rough, whereas the [011] 
step is a stable step with a straight step front and 
only an occasional kink site. Each dopant species 
arriving at a group III site at the [011] step can form 
a triple bond at any step site and is directly incorpo- 
rated without desorption. At the [011] step it can 
only adsorb by the formation of a single bond, and 
will therefore diffuse along the step until it arrives at 
a specific kink site [16] where a double bond can be 
formed. Diffusion along the step or back to the 
surface, where desorption is possible, is favoured 
above direct incorporation at this step [17]. 

(ii) The arsenic col'erage ~f" the surface. The 
arsenic coverage is decreased whenever (a) the 
growth temperature is increased, (b) the V / I I I  ratio 
is decreased thereby reducing the surface reconstruc- 
tion by the arsenic dimers or (c) by an increase of 
the step density. Desorption from the [011] step is 
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relatively easy and leads to a smaller number of kink 
sites. The [011] step coverage is hardly influenced by 
the arsenic partial pressure. At higher misorientations 
the step becomes rougher due to the preferential 
arsenic evaporation from the steps [18], even at 
lower temperatures, thereby decreasing the number 
of available kink sites for group III species consider- 
ably. 

(iii) Diffusion fluxes towards the steps. It was 
shown that, according to the BCF theory [19], in the 
case that the dopant incorporation is determined by 
an adsorption/desorption equilibrium, there will be 
an increase with increasing misorientation angle of 
the incorporation of that species with the lowest 
binding energy with arsenic [5]. This will hold for 
both the incorporation of zinc and of indium because 
the binding energy with arsenic of indium (35.2 kcal 
mol-I  [20]) and that of zinc (about 30 kcal tool l 
[7]) are smaller than with gallium (39.4 kcal mol-  
[5]), in contrast to that of silicon (55 kcal mol ~ [4]). 
In this case a decrease in incorporation should be 
observed. 

We will now discuss the results of the incorpora- 
tion behaviour versus the misorientation for the dif- 
ferent dopants. In Fig. 1 the hole concentration, as 
obtained after zinc doping, is given versus the mis- 
orientation angle for misorientations towards (011) 
and (01~) in a semi-logarithmic plot. The exactly 
oriented samples always exhibit the highest zinc 
concentration and the dependence on misorientation 
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Fig, 1. Hole concentration of" zinc-doped GaAs versus misorienta- 
tion angle towards (011) and towards (011) for Tgrowt h = 720°C 
and an input mole fraction DEZn of 3.5 × 10 6. 

is the same for both directions, with a minimum at 4 ° 
off. The offset between the two directions of misori- 
entation is determined by the step configurations as 
will be discussed below in the case of indium incor- 
poration. The BCF theory cannot explain this mini- 
mum in the incorporation of zinc. The incorporation 
of zinc is determined by the adsorption/desorption 
equilibrium which causes a constant concentration of 
zinc species at the surface at constant conditions. At 
constant vertical growth rates, higher misorientations 
lead to lower step velocities thereby diminishing step 
trapping of zinc species, i.e. less zinc is incorporated. 
However, a larger misorientation also leads to higher 
step densities, thereby increasing the number of kink 
sites. Consequently, this results in a higher concen- 
tration of zinc at kink positions, so the incorporation 
will be enhanced. The competition between these 
two mechanisms (BCF diffusion and preferential ar- 
senic desorption) leads to the observed minimum. 
From Fig. 1 it is also observed that the arsenic 
desorption at higher misorientations towards (011) 
(see below) does not introduce much difference in 
zinc incorporation. Apparently the zinc incorporation 
shows no strong dependence on the arsenic coverage 
at the step edges in contrast to the indium incorpora- 
tion. 

The indium incorporation during MOVPE of GaAs 
versus the misorientation towards (011) and (011) is 
shown in Fig. 2 for four different growth tempera- 
tures. At 640°C the indium concentration in the 
(100)2°(011) oriented sample is higher than that in 
the (100)2°(011) orientation, whereas for higher 
growth temperatures these differences decrease and 
finally at 760°C the situation is reversed. This can be 
explained by considering the nature of the steps 
carefully. At 640°C, i.e. a high arsenic surface cover- 
age, the Ga and In growth species are directly incor- 
porated at step sites at the [011] step; no desorption 
from it is possible, only from the terraces. In con- 
trast, desorption from the [011] steps is possible, 
whereby In preferentially desorbs over Ga because 
of bond strengths [20]_resulting in a lower In incor- 
poration on the 2 ° [011] as compared to the 2 ° [01 |]. 
Raising the growth temperature reduces the number 
of kink sites on the [011] step leading to lower In 
incorporation as compared to the [011] step. 

The indium incorporation versus misorientation 
shows the same trend as the zinc incorporation (see 
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Fig. 2. Indium concentration in the InxGa l_XAs epitaxial layers, 
G,  grown at four different temperatures, as a function of the 
misorientations towards (017) and (011). An input mole fraction 
TMIn of 4.34× 10 -7, as compared to an input mole fraction of 
TMGa of 1.25 × 10 -4, was used. The reproducibility of the data is 
indicated by the error bar. 

Fig. 1); for misorientations towards (011) a mini- 
mum is observed for 4 ° off; for the (011) direction it 
is reversed, i.e. a maximum is observed for this 
sample. This again points to two counteracting 
mechanisms determining the incorporation so that 
the minimum respectively maximum can be ex- 
plained. 

For all four growth temperatures the trends in Fig. 
2 are identical. Given the fact that only at the highest 
temperature step trapping might be possible, these 
observations exclude this mechanism. The decrease 
in the indium concentration observed in the layers 4 ° 
misoriented towards (011) illustrates that the indium 
incorpora t ion  is not de te rmined  by the 
adsorption/desorption equilibrium. The group III 
growth species are directly incorporated upon arrival 
at this step, meaning that the BCF-flux theory is not 
applicable at these low misorientations. Furthermore, 
as was observed from the temperature series of the 
2 ° samples the arsenic desorption from this step is 
much easier compared to the step in the [011] direc- 
tion. Consequently, here the effect of preferential 
desorption of arsenic from the step edges is already 
observed at low misorientation angles. Only at high 
misorientations can the competition between the 

fluxes of indium and gallium as derived from the 
BCF theory become clear, as so much arsenic has 
desorbed that also here the adsorption/desorption 
equilibrium of indium at the step can establish itself, 
raising in this way the indium concentration for all 
temperatures. 

For misorientations larger than 2 ° the competition 
between the gallium and indium fluxes - as dis- 
cussed above using the BCF theory - leads to an 
increase in indium. The increase of indium between 
2 ° and 4 ° off towards (011) indeed indicates that in 
this situation the indium incorporation proceeds via 
an adsorption/desorption equilibrium following from 
the BCF flux theory. 

However, this flux model does not predict the 
decrease in indium incorporation observed at higher 
misorientations towards (011). Probabl_y, this can be 
explained by the roughening of the [011] step, due to 
desorption of As as expected for higher misorienta- 
tions, leading to a stronger preferential arsenic evap- 
oration from the step edges and a decrease in the 
number of kink sites for In-species [18]. The higher 
step densities at higher misorientation angles require 
a higher arsenic partial pressure in order to maintain 
the full arsenic coverage of the steps as was assumed 
in the theory. Therefore, under the constant arsenic 
partial pressures the indium species arriving at the 
steps will find less kink sites, resulting in a decrease 
in indium concentration in the layer. Apparently, this 
is not counteracted by the increase in kink concentra- 
tion due to the higher step density. 

The effect of step bunching is reflected in Fig. 2 
by the small differences between incorporated in- 
dium at the low growth temperatures at the various 
misorientations, whereas at the higher growth tem- 
peratures the effect of the misorientations becomes 
more pronounced [21]. 

In contrast to zinc- or indium-doped GaAs, less 
pronounced differences have been found for doping 
with silicon. In Fig. 3 the net carrier concentration as 
obtained from Hall measurements is given versus 
misorientation. For different V / I I I  ratios at 760°C 
the carrier concentration decreases in V / I I I  order 
n35 or 75 > n125 > n225. Step trapping, BCF theory or 
arsenic desorption cannot account for these results 
because then a decrease in carrier concentration is 
expected. 

This disagrees with the results of Tang et al. [4], 
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Fig. 3. Carrier concentration in tile silicon-doped GaAs epitaxial 
layers for the growth at four different temperatures, as a function 
of the misorientations towards (01i) and (01 I). An input mole 
fraction Si2H~, of 2× 10 -~ was used with a V/ I l l  ratio of 125. 

reactor is considerably reduced, thereby diminishing 
the influence of the adduct formation explaining the 
results of Tang et al. [4]. 

4. Conclusions 

Dependence upon the misorientation of the zinc, 
indium and silicon incorporation during MOVPE 
growth of GaAs on vicinal (100) substrates has been 
studied. Gas phase chemistry and adsorption/de- 
sorption equilibria have been used to explain the 
temperature dependence of the incorporation. The 
incorporation as function of the misorientation has 
been explained by the introduction of competitive 
mechanisms based on preferential desorption of ar- 
senic from the step edges, which counteract the BCF 
theory. 

who reported that at atmospheric pressure with in- 
creasing misorientation angle less silicon is incorpo- 
rated because of a diminishing of the effect of step 
trapping and that an increasing V / I l l  ratio leads to 
an increase in silicon incorporation. Our experiments 
are supported by the results of Thompson [22] who 
found at growth temperatures above 650°C hardly 
any influence of the misorientation. This is explained 
by the formation of SiH3AsH 2 in the gas phase and 
the chemisorption of it on the surface followed by 
diffusion over the surface where it can desorb or 
encounter a step. Trapped at a step it can release an 
AsH 3 and incorporate a silicon atom. Alternatively, 
the reverse is also possible: incorporation of As and 
desorption of Sill 2. This mechanism is supposed to 
be temperature dependent whereby at lower tempera- 
tures the release of Sill ,  is more likely and at higher 
temperatures the incorporation of Si is dominating. 
In both cases, doping with indium and silicon, the 
adduct formation levels off the influence of the 
misorientation on the incorporation rate due to the 
Soret effect. At high V / I I l  ratios the competition 
between AsH 3 and SiH3AsH 2 molecules for adsorp- 
tion on the surface shifts towards adsorption of 
arsine, thereby decreasing the silicon incorporation. 
It is suggested that at higher reactor pressures this 
reaction between arsine and (di-)silane is of less 
importance because the total amount of arsine in the 
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