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The influence of a high N2 background pressure on the molecular beam epitaxy growth of GaAs has
been investigated. Measurements to determine the minimum As4 pressure necessary to maintain
stoichiometric growth at different substrate temperatures with and without a high N2 background
pressure were performed. The As4 pressures required for cases when a high N2 background was
present were systematically above those required without a N2 background. The GaAs growth
process has been modeled using kinetic rate equations and by including surface site blocking terms
the model accounts for the data taken by the authors. The model also agrees well with GaAs growth
kinetic data published by several other authors. ©2004 American Vacuum Society.
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I. INTRODUCTION

MBE growth of the dilute III–V nitride compound sem
conductor GaAsN on GaAs~100! substrates often uses rf o
microwave plasmas as sources of atomic nitrogen.1–3 The
nitrogen plasma source used in our MBE system produc
N2 background pressure during normal operation of
source in the range of 1 – 631025 Torr since only a small
fraction of the beam emitted from the source is in the form
atomic nitrogen.

Many studies of GaAsN have found that the optim
growth temperature is around 480 °C, much lower than
600 °C typically used for the growth of GaAs, at which tem
perature the minimum As4 flux required to maintain stoichio
metric growth is expected to be reduced due to lower
desorption losses. However, we have found that at 480 °C
minimum As4 flux required to maintain stoichiometri
growth, although reduced, is significantly higher for t
growth of GaAsN than for GaAs grown at the same subst
temperature.

To investigate this effect we have first measured the m
mum As4 flux required to maintain stoichiometric growth o
GaAs as a function of substrate temperature in the absen
significant N2 in the chamber. Further measurements w
performed to determine the minimum As4 flux required in
the presence of N2 at a background level of 631025 Torr.
During these measurements the plasma was not ignited,
GaAs was grown with the only influence of the plasm
source being the high background level of N2 it added to the
growth environment.

II. EXPERIMENT

All GaAs~001! substrates were chemically degreas
lightly etched and indium soldered onto molybdenum s
strate holders before being loaded into the growth syst
which was a highly modified Varian MBE-360 syste
pumped by a 500 l/s ion pump giving a residual gas press

a!Author to whom correspondence should be addressed; electronic
t.dieing@ee.latrobe.edu.au
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of ,1029 Torr. The substrate temperature was measured
a thermocouple positioned close to the back of the subst
holder and was calibrated against the transition between
c(434) and ~234! reconstructions at a temperature
530 °C. The temperature was therefore accurate to65 °C
with a short term stability of60.2 °C. This transition tem-
perature is weakly dependent on the As4 flux and since our
experiments required different As4 background pressures th
calibration was performed each time the As source temp
ture was changed. The N2 flux was adjusted by a leak valv
and controlled by monitoring the mass 28 peak using a m
spectrometer. The nitrogen plasma source power supply
turned off during all of the experiments to prevent any cra
ing of the N2.

Following oxide removal from all samples, a 0.25mm
GaAs buffer layer was grown at a substrate temperature
600 °C and a growth rate of 1mm/h with an As4 overpres-
sure. The samples were then set to the required subs
temperature for the experiment and the As4 source tempera-
ture was set to achieve the desired flux. The As4 pressure
was determined using a monitoring ion gauge in the sam
position. The Ga shutter was then opened for 10 min allo
ing the growth of a GaAs layer at the required substr
temperature and As4 flux. The Ga flux was calibrated to
growth rate of 1 ML/s at 600 °C as determined by Ga
reflection high-energy electron diffraction~RHEED! oscilla-
tions. At the end of this growth period the Ga shutter w
closed and the substrate heater turned off.

Once the indicated temperature reached 100 °C
sample was inspected visually through one of the view po
in the MBE chamber. If the surface still appeared mirr
smooth, the sample was heated back up to the required
strate temperature and the procedure was repeated w
lower As4 flux. Once a dull surface exhibiting obvious non
specular reflection was found, it was clear that the As4 flux
must have dropped beneath the minimum necessary cau
the formation of Ga balls. The experiment was then term
nated and the next sample was loaded. The minimum ne
sary As4 flux was taken to be the average of the last grow
il:
15444Õ22„3…Õ1544Õ5Õ$19.00 ©2004 American Vacuum Society
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that did not and the first growth that did produce a d
surface.

This procedure was repeated for substrate temperatur
400, 480 and 600 °C and all experiments were perform
once with the plasma source N2 leak valve closed~back-
ground N2 pressure,131029 Torr) and once with a N2
background pressure of 631025 Torr as determined by the
mass spectrometer. Secondary ion mass spectrometry~SIMS!
measurements were performed on samples grown u
simular conditions as described above and no evidenc
nitrogen incorporation was found.

III. RESULTS

The experimental data in Fig. 2 show a systematic
crease of the necessary minimum As4 pressure with decreas
ing temperature as well as a systematically higher neces
As4 pressure for the case when N2 is present in the growth
chamber. This behavior cannot be explained by interfere
of the N2 beam with the As4 beam as it passes from source
substrate since the influence of the higher N2 background
pressure on the mean free path of the As4 is not significant.
This effect, however, can be explained in terms of ph
isorbed N2 occupying surface sites which reduces the av
able sites for As4 . To test this hypothesis a rate equati
based model for GaAs growth has been developed wh
accounts for the blocking effect of a high residual bac
ground gas pressure.

IV. GaAs GROWTH MODEL

The aim of this model was not only to produce a ra
equation model that would explain our findings but also
agree with GaAs growth measurements published by o
authors~e.g., Refs. 4–6!.

A. Definition of states

Foxon and Joyce7 suggested that the chemisorption of A4

involves a physisorbed state wherein the As4 molecules are
first weakly attached to the surface before a dissocia
chemisorption process takes place. In the physisorbed
no electron transfer takes place and the molecules main
their identity.8 In this article, we include a physisorbed sta
not only for the As4 molecules but also for the Ga atom
since they are believed to be a fast diffusing species du
the growth of GaAs. If the Ga were to chemisorb direc
from the vacuum, the chemical bonds formed with the s
strate would slow this diffusion process considerably.

In the chemisorbed state molecular bonds are broken
the atoms attach via chemical bonds to the surface.
bonds of the chemisorbed atoms, however, are not in
same configuration as in the bulk material since they ter
nate the surface. It is well known in MBE that at high
temperatures or if the Ga flux exceeds the available As4 flux,
Ga balls or clusters are formed on the surface.9 For this rea-
son, and since we are observing the threshold As4 pressure to
avoid such clusters, a chemisorbed Ga cluster state is
cluded in this model as well as an As chemisorbed state.
atoms in the Ga cluster state will form clusters or balls a
JVST B - Microelectronics and Nanometer Structures
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destroy the sample if the population in this state exceed
critical value, beyond which the sample cannot be recove
by exposing it to an As4 overpressure for an extended perio
of time.

As or Ga atoms that are chemisorbed onto the surf
~and are not in the cluster state! are considered to have bee
incorporated if they are subsequently covered with an ad
tional layer of the alternate atomic species and therefore h
the same bonding configuration as in bulk material.

B. Blocking of sites

Molecules or atoms in the physisorbed state diffuse on
surface before either desorbing or encountering a suita
site for chemisorption. However, if another species~such as
N2 in our case! is also in a physisorbed state, these atoms
molecules will occupy a certain fraction of the suitable si
thereby decreasing the probability of chemisorption of a
diffusing species by a factor (12q i) whereq i is the frac-
tional coverage of eachi species occupying the physisorbe
state. Xie et al.10 used a similar concept to describe th
blocking effects of hydrogen surfactant atoms. Since N2 will
not crack on the surface and therefore will not chemisorb,
blocking due to N2 takes place in the physisorbed state.

C. Physisorbed As 4 state

As4 molecules arrive into this state from the vapor at t
rateFAs4 @in monolayers per second~ML/s!#. They can then
either re-evaporate into the vapor or be chemisorbed onto
surface. The rate of desorption of As4 molecules depends o
the population in the physisorbed state (qAs4 in monolayers!
and the desorption time constant of the As4 which is as-
sumed to be of the form

tdes,As4
5 f 0

21* exp~Edes,As4
/kT!, ~1!

where f 0 is the attempt frequency which is taken to be t
Debye frequency,k the Boltzman/constant,T the temperature
in degrees Kelvin andEdes,As4 the energy barrier to desorp
tion from the physisorbed state.

For the chemisorption of As4 we assume the process su
gested by Foxon and Joyce.7 In this case two As4 molecules
meet in the physisorbed state in the vicinity of four sit
which are available for the chemisorption of As. The A4

molecules then break up with four of the eight atoms che
sorbed onto the surface while the other four form an A4

molecule that desorbs into the vapor.
The rate of chemisorption will therefore depend first

the probability of two As4 molecules meeting, which is pro
portional to the square of their populations, multiplied by t
diffusion constant,11 for which the time constant is labele
tchem,As4

with a definition similar to Eq.~1! but using the
energyEchem,As4. Second, the rate of chemisorption will de
pend on the number of available sites and, since four sites
necessary for this process, it is proportional to the probab
of finding four adjacent free sites, which is (12QAs)

4 where
QAs is the population of As in monolayers in the chem
sorbed state. Third, since as described in Sec. IV B the p
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to chemisorption can be blocked by physisorbed Ga or2 ,
the factor (12qGa)(12qN2

) must also be included, wher
qGa andqN2

are the physisorbed populations of Ga and N2,
respectively. For GaAs it has been found12 that above
'300 °C there is no reverse pathway for As4 to desorb from
the GaAs surface and so it is assumed that no As4 can return
from the chemisorbed state into the physisorbed state u
standard growth temperatures. Therefore the rate equa
controlling the As4 population in the physisorbed state c
be expressed as

q̇As4
5FAs4

2qAs4

1

tdes,As4

22DAs4
qAs4

2

3~12QAs!
4

1

tchem,As4

~12qN2
!~12qGa!. ~2!

The factor of 2 in the chemisorption term represents the
that two As4 molecules are lost for each chemisorpti
event.

D. Physisorbed Ga state

To formulate the rate equation describing the physisor
Ga state we follow the same considerations as above by
ing an incoming flux from the vacuum (FGa) and assuming
the Ga can leave by overcoming a desorption energy ba
E1,des,Ga. To be chemisorbed the Ga must find an As cove
site and this process is therefore proportional to the As
face coverageQAs . To enter the cluster state the Ga mu
chemisorb on top of another Ga and this process is there
proportional to (12QAs). The Ga can desorb from either o
these two chemisorbed states and the desorption fluxes
depend on the populations in the states, (12QAs) for Ga
chemisorbed onto a ‘‘normal’’ lattice site andQGa for the
cluster state, respectively. The associated desorption ene
are E2,des,Gaand E3,des,Gafor the normal lattice site and th
cluster state, respectively. The rate equation controlling
Ga population in the physisorbed state is therefore

q̇Ga5FGa2qGa

1

t1,des,Ga
2DGaqGaQAs

1

tchem,Ga
~12qN2

!

3~12qAs4
!1~12QAs!

1

t2,des,Ga
2DGaqGa~12QAs!

3
1

tclus,Ga
~12qN2

!~12qAs4
!1QGa

1

t3,des,Ga
. ~3!

E. Physisorbed N 2 state

Since SIMS measurements show that no N2 is incorpo-
rated into the lattice when growing GaAs with a high N2

background pressure, the rate equation controlling the n
gen physisorbed population will only contain the incomi
flux FN2

and the desorbing flux, which depends on the
sorption energyEdes,N2

and is of the form
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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q̇N2
5FN2

~12qN2
!2qN2

1

tdes,N2

. ~4!

The reflection term (12qN2
) regulates the incoming flux so

that the physisorbed N2 population cannot exceed 1 ML.

F. Chemisorbed As state

The rate equation for the chemisorbed As state descr
the fraction of surface sites that are covered by As. T
fraction is increased by As arriving from the physisorbed
state and by Ga atoms leaving the chemisorbed state.
decreased by Ga atoms chemisorbing from the Ga ph
isorbed state and by As leaving the surface. Since Foxon
Joyce7 did not detect As4 leaving the surface above 300 °
the desorbing As flux is assumed to be entirely in the form
As2 . Foxon and Joyce12 established that if there is a phys
isorbed state for As2 its lifetime would have to be,1025 s
and it is therefore assumed that the As2 desorbs directly from
the surface into the vacuum. The rate equation describing
chemisorbed As population can then be formulated as

Q̇As54DAs4
qAs4

2 ~12QAs!
4

1

tchem,As4

~12qN2
!~12qGa!

22QAs
2 1

tdes,As2

2DGaqGaQAs

1

tchem,Ga
~12qN2

!

3~12qGa!1~12QAs!
1

t2,des,Ga
. ~5!

The factor 4 in the first term on the right hand side takes i
account that for every As4 that is chemisorbed four As sur
face sites are covered and the factor 2 in the second t
accounts for the fact that for each desorbing As2 two chemi-
sorbed As atoms are lost.

G. Ga cluster state

In Sec. IV A a Ga cluster state was introduced since th
must be a pathway for Ga atoms to form clusters on top o
Ga terminated surface. The energy barrier for chemisorp
into the cluster state isEclus,Gaand the barrier to desorptio
from this state isE3,des,Ga. The rate equation describing th
Ga population in this state can therefore be formulated a

Q̇Ga52QGa

1

t3,des,Ga
1DGaqGa~12QAs!

1

tclus,Ga
~12qN2

!

3~12qAs4
!. ~6!

Under standard growth conditions, the Ga cluster state
not be significantly occupied (QGa!1) and therefore its in-
fluence on the chemisorbed As state can be neglected.

V. FITTING AND MODELING PROCESS

The five coupled, first order differential equations@Eqs.
~2!–~6!# were solved numerically using the Simulink® pac
age in Matlab®. The growth process was modeled for 10 m
real time at each temperature step to simulate our exp
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ments. For simulations in the absence of an impinging
flux the physisorbed (q i) and chemisorbed (Q i) populations
after 10 min of the last temperature step were used as
initial conditions for the next. For cases including a Ga fl
the simulation was first performed without Ga for 10 m
real time, with the Ga being added afterwards using the
tial conditions found by the simulation without the Ga.

To find values for the energy barriers associated with
model it had to be compared with existing GaAs grow
data. The data presented by Brennan, Tsao, and Hamm4

as well as the growth rate data published by Spring Tho
and co-workers5,6 was used to obtain the energy paramete
All curves comparing the model to the data presented
Brennan and co-workers4 are normalized to the incomin
flux and the desorbing and incoming fluxes are expresse
units of atoms/s.

A. Desorbing As 4 flux

The desorbing As4 flux, which is the sum of 50% of the
chemisorbed As4 and the desorption process as described
Eq. ~2!, was fitted to the temperature dependent data p
sented by Brennan and co-workers4 for an incoming As4 flux
of 0.14 ML/s. Figure 1~a! shows the data points with th
fitted curve and as can be seen, the curve fits the data
sonably well.

B. Desorbing As 2 flux

The desorbing As2 flux is fitted to the data from Ref. 4
and the result can be seen in Fig. 1~b!. There is a good
agreement for lower temperatures although at tempera
above 620 °C the fit deviates, possibly due to out-diffusion
As from the bulk which is not included in this model.

C. Desorbing Ga flux

The desorbing Ga flux can be seen in Fig. 1~c! together
with the data from Ref. 4 and the model fit is in excelle
agreement with the data.

D. Growth rate

The growth rate was simulated assuming an incoming
flux of 1 ML/s and an As4 flux of 0.7 ML/s ~in As4 mol-
ecules!. The Ga flux corresponds with the data of Spri
Thorpe and co-workers5,6 and the fitted curves are in exce
lent agreement with the data.

E. Minimum necessary As 4 flux

Figure 2 shows the minimum necessary As4 flux required
to maintain a Ga cluster population of less than 10 ML a
function of temperature together with the data points de
mined by our experiments for the case with no N2 and with
631025 Torr N2 pressure in the growth chamber. The e
perimental points were normalized to the model output
600 °C for the no N2 case. It has been found in the literatu
that for As-induced RHEED oscillations, up to 15 ML of G
can be deposited and the sample still recovered13 if the As4
JVST B - Microelectronics and Nanometer Structures
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flux is restarted at an elevated growth temperature. Since
samples were immediately cooled following the 10 m
growth the opportunity for Ga balls to be consumed is
duced and so the threshold for the Ga cluster population
taken to be 10 ML.

The N2 flux was estimated from the N2 pressure as deter
mined by the flux monitoring ion gauge relative to the G
beam equivalent pressure and was approximately 100 ti
the incoming Ga flux. It was also assumed approximatel

FIG. 1. Fitted model outputs.~a! Desorbing As4 flux normalized to the
incoming As4 flux vs substrate temperature.~b! Desorbing As2 flux normal-
ized to the incoming As4 flux vs substrate temperature.~c! Desorbing Ga
flux normalized to the incoming As4 flux vs substrate temperature.~d!
Growth rate vs substrate temperature. The data points for Figs. 1~a!–1~c! are
taken from Ref. 4 and for Fig. 1~d! from Refs. 5 and 6.

FIG. 2. Experimental data for the minimum required As4 flux together with
the simulation results. The solid line and the* ’s represent the no nitrogen
case and the dashed line with thed’s represent the case of 631025 Torr of
N2 in the chamber. All the data points are normalized by matching the d
point at 600 °C to the model output at 600 °C for the no N2 case.
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N2 molecules can occupy one lattice site and these cons
ations lead to an incoming N2 flux (FN2

) of 20 ML/s. It can
be seen that the simulated curve in the absence of N2 follows
the data points very closely while there is some deviation
the 400 °C case when N2 is present.

VI. DISCUSSION

Following the fitting process described in the previo
section the values for the energy barriers associated with
the transitions in the model were found to be:Edes,As4

51.66 eV; Echem,As450.20 eV; Edes,As252.41 eV; E1,des,Ga

50.97 eV; Echem,Ga50.00 eV; E2,des,Ga51.84 eV; Eclus,Ga

50.14 eV; E3,des,Ga52.40 eV; Edes,N252.06 eV. The energy
barrier to the chemisorption of As4 molecules is in good
agreement with the value found by Foxon and Joyce7 while
the desorption energy differs significantly. This may
caused by the fact that the desorption energy was determ
by Foxon and Joyce at substrate temperatures below 15
where the chemisorbed arsenic population may be w
above 1 ML14 and our model does not allow for an As pop
lation above one ML. Furthermore, the rates of As4 chemi-
sorption and desorption depend strongly on the two ener
involved in these processes. Since the population in the p
sisorbed state is limited and the chemisorption process
pends on the square of the population, the energy barrie
desorption must be much higher than the energy barrie
chemisorption, which suggests that the chemisorption p
cess might involve a more complicated process. The en
barrier to the chemisorption of Ga from the physisorbed s
was found to be close to 0 eV, which agrees with the ob
vation that Ga is chemisorbed from the vacuum without a
energy barrier. The desorption energy found for As2 is close
to the desorption energy found by Pristovseket al.15 and is
similar to the energy found by Ito and Shiraishi16 using
Monte Carlo simulations. It differs from the value of 3.9 e
found, for example, by Karpov and Maiorov.17 Karpov, how-
ever, used a substantial higher attempt frequency than
Debye frequency. The relatively high values for the deso
tion energies of N2 and Ga from the physisorbed state mig
suggest that processes, not included in this model, may
place during the growth of GaAs.

VII. CONCLUSIONS

The minimum As4 flux required to maintain stoichio
metric growth of GaAs in the presence of a high backgrou
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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N2 pressure has been measured for substrate tempera
between 400 and 600 °C and has been found to be hig
than is required in the absence of a N2 background. A kinetic
growth model has been presented which accounts for th
observations and is consistent with GaAs growth data p
lished by other authors.

The model introduces the concept of site blocking wh
reduces the probability of chemisorption of As4 . Further-
more, the model suggests that a Ga cluster~or ball! state may
be occupied at growth temperatures commonly employed
GaAs and AlGaAs and this would have implications for e
forts to produce smooth interfaces between these and o
III/V compound semiconductors.
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