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The influence of a high Nbackground pressure on the molecular beam epitaxy growth of GaAs has
been investigated. Measurements to determine the minimuppAssure necessary to maintain
stoichiometric growth at different substrate temperatures with and without a hidiadkground
pressure were performed. The Agressures required for cases when a highbleckground was
present were systematically above those required without, dadkground. 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. 2@4 American Vacuum Society.
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l. INTRODUCTION of <10 °Torr. The substrate temperature was measured by
MBE growth of the dilute I1I-V nitride compound semi- @ thermocouple positioned close to the back of the substrate
conductor GaAsN on GaA$00) substrates often uses rf or holder and was calibrated against the transition between the
microwave plasmas as sources of atomic nitrogénthe  C€(4Xx4) and (2X4) reconstructions at a temperature of
nitrogen plasma source used in our MBE system produces 230 °C. The temperature was therefore accurate-§°C
N, background pressure during normal operation of thewith a short term stability of+0.2 °C. This transition tem-
source in the range of 1610 °Torr since only a small perature is weakly dependent on the,Alsix and since our
fraction of the beam emitted from the source is in the form ofexperiments required different Abackground pressures this
atomic nitrogen. calibration was performed each time the As source tempera-

Many studies of GaAsN have found that the optimalture was changed. The,Nlux was adjusted by a leak valve
growth temperature is around 480 °C, much lower than théind controlled by monitoring the mass 28 peak using a mass
600 °C typically used for the growth of GaAs, at which tem- spectrometer. The nitrogen plasma source power supply was
perature the minimum Asflux required to maintain stoichio- turned off during all of the experiments to prevent any crack-
metric growth is expected to be reduced due to lower Adng of the N,.
desorption losses. However, we have found that at 480 °C the Following oxide removal from all samples, a 0.28n
minimum As, flux required to maintain stoichiometric GaAs buffer layer was grown at a substrate temperature of
growth, although reduced, is significantly higher for the600°C and a growth rate of AZm/h with an Ag overpres-
growth of GaAsN than for GaAs grown at the same substratsure. The samples were then set to the required substrate
temperature. temperature for the experiment and the, Asurce tempera-

To investigate this effect we have first measured the miniture was set to achieve the desired flux. The Asessure
mum Ag, flux required to maintain stoichiometric growth of was determined using a monitoring ion gauge in the sample
GaAs as a function of substrate temperature in the absence pbsition. The Ga shutter was then opened for 10 min allow-
significant N in the chamber. Further measurements werang the growth of a GaAs layer at the required substrate
performed to determine the minimum A8ux required in  temperature and Asflux. The Ga flux was calibrated to a
the presence of Nat a background level of %10 ° Torr. growth rate of 1 ML/s at 600°C as determined by GaAs
During these measurements the plasma was not ignited, thusflection high-energy electron diffractidRHEED) oscilla-
GaAs was grown with the only influence of the plasmations. At the end of this growth period the Ga shutter was
source being the high background level of iNadded to the closed and the substrate heater turned off.

growth environment. Once the indicated temperature reached 100°C the
sample was inspected visually through one of the view ports
[I. EXPERIMENT in the MBE chamber. If the surface still appeared mirror

All GaAs(001) substrates were chemically degreasedSmooth, the sample was heated back up to the required sub-
lightly etched and indium soldered onto molybdenum subStrate temperature and the procedure was repeated with a
strate holders before being loaded into the growth systen{OWer As, flux. Once a dull surface exhibiting obvious non-
which was a highly modified Varian MBE-360 system SPecular reflection was found, it was clear that the fhsx

pumped by a 500 I/s ion pump giving a residual gas pressur@Ust have_dropped beneath the minimum necessary caus_ing
the formation of Ga balls. The experiment was then termi-

aAuthor to whom correspondence should be addressed; electronic maif@ted and the next sample was loaded. The minimum neces-
t.dieing@ee.latrobe.edu.au sary As flux was taken to be the average of the last growth
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that did not and the first growth that did produce a dulldestroy the sample if the population in this state exceeds a
surface. critical value, beyond which the sample cannot be recovered
This procedure was repeated for substrate temperatures by exposing it to an Asoverpressure for an extended period

400, 480 and 600°C and all experiments were performeaf time.

once with the plasma source, Neak valve closedback- As or Ga atoms that are chemisorbed onto the surface
ground N pressure<1x10 °Torr) and once with a N  (and are not in the cluster statre considered to have been
background pressure ofx610™° Torr as determined by the incorporated if they are subsequently covered with an addi-
mass spectrometer. Secondary ion mass spectrof®iis)  tional layer of the alternate atomic species and therefore have
measurements were performed on samples grown undéne same bonding configuration as in bulk material.

simular conditions as described above and no evidence of

nitrogen incorporation was found. B. Blocking of sites

. RESULTS Molecules or atoms in the physisorbed state diffuse on the
] o ) surface before either desorbing or encountering a suitable

The experimental data in Fig. 2 show a systematic desijte for chemisorption. However, if another spedigsch as

crease of the necessary minimumyAsessure with decreas- \, in our casgis also in a physisorbed state, these atoms or

ing temperature as well as a systematically higher necessapyqjecules will occupy a certain fraction of the suitable sites

As, pressure for the case when i present in the growth herehy decreasing the probability of chemisorption of any

chamber. This behavior cannot be explained by mterferenceiﬁusing species by a factor (19,) where 9, is the frac-

of the N, beam with the Agbeam as it passes from source 10 iona| coverage of eachspecies occupying the physisorbed

substrate since the influence of the higher background  giate xieet all® used a similar concept to describe the

pressure on the mean free path of the Asnot significant.  pjocking effects of hydrogen surfactant atoms. Singeanll

This effect, however, can be explained in terms of phySyot crack on the surface and therefore will not chemisorb, the

isorbed N occupying surface sites which reduces the ava”‘blocking due to N takes place in the physisorbed state.
able sites for Ag. To test this hypothesis a rate equation

based model for GaAs growth has been developed which .
accounts for the blocking effect of a high residual back-C- Physisorbed As 4 state

ground gas pressure. As, molecules arrive into this state from the vapor at the
rate F o4 [in monolayers per secon@L/s)]. They can then
IV. GaAs GROWTH MODEL either re-evaporate into the vapor or be chemisorbed onto the

surface. The rate of desorption of Asolecules depends on

The aim of this model was not only to produce a rate h lation in the phvsisorbed Stai@.(. i |
equation model that would explain our findings but also tothe population in the physisorbed stai,g, in monolayers

agree with GaAs growth measurements published by othe":r"nd the desorption time constant of the,Aghich is as-
authors(e.g., Refs. 4—p sumed to be of the form

A. Definition of states Taesag= o ¥ €XH Eqges ag /KT), (1)

Foxon and Joycesuggested that the chemisorption of,As Wheref is the attempt frequency which is taken to be the
involves a physisorbed state wherein the, Asolecules are Debye frequency the Boltzman/constant, the temperature
first weakly attached to the surface before a dissociativén degrees Kelvin andqes asathe energy barrier to desorp-
chemisorption process takes place. In the physisorbed stat@n from the physisorbed state.
no electron transfer takes place and the molecules maintain For the chemisorption of Aswve assume the process sug-
their identity? In this article, we include a physisorbed state gested by Foxon and Joyéén this case two Agmolecules
not only for the As molecules but also for the Ga atoms, Meet in the physisorbed state in the vicinity of four sites
since they are believed to be a fast diffusing species during/hich are available for the chemisorption of As. The,As
the growth of GaAs. If the Ga were to chemisorb directly molecules then break up with four of the eight atoms chemi-
from the vacuum, the chemical bonds formed with the subsorbed onto the surface while the other four form an As
strate would slow this diffusion process considerably. molecule that desorbs into the vapor.

In the chemisorbed state molecular bonds are broken and The rate of chemisorption will therefore depend first on
the atoms attach via chemical bonds to the surface. Ththe probability of two Ag molecules meeting, which is pro-
bonds of the chemisorbed atoms, however, are not in theortional to the square of their populations, multiplied by the
same configuration as in the bulk material since they termidiffusion constant for which the time constant is labeled
nate the surface. It is well known in MBE that at higher Tchem g With @ definition similar to Eq(1) but using the
temperatures or if the Ga flux exceeds the availablefix, energyEqnemase Second, the rate of chemisorption will de-
Ga balls or clusters are formed on the surfaéer this rea- pend on the number of available sites and, since four sites are
son, and since we are observing the thresholdpkessure to  necessary for this process, it is proportional to the probability
avoid such clusters, a chemisorbed Ga cluster state is irf finding four adjacent free sites, which is€1 ,o)* where
cluded in this model as well as an As chemisorbed state. Th® 54 is the population of As in monolayers in the chemi-
atoms in the Ga cluster state will form clusters or balls andsorbed state. Third, since as described in Sec. IV B the path
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to chemisorption can be blocked by physisorbed Ga or N
the factor (I-¥¢,)(1—¥y,) must also be included, where

Ygaand Uy, are the physisorbed populations of Ga and N ) . ]
respectively. For GaAs it has been fodfidhat above The reflection term (% ﬁNZ) regulates the incoming flux so

~300 °C there is no reverse pathway for,Ae desorb from that the physisorbed N\population cannot exceed 1 ML.

the GaAs surface and so it is assumed that npo&s return _

from the chemisorbed state into the physisorbed state und& Chemisorbed As state

standard growth temperatures. Therefore the rate equation The rate equation for the chemisorbed As state describes
controlling the Ag population in the physisorbed state canhe fraction of surface sites that are covered by As. This

Iy, = Fn (1= 9,) — O, @

TdesN,

be expressed as fraction is increased by As arriving from the physisorbed As
state and by Ga atoms leaving the chemisorbed state. It is
{9A =F, —Ope ————2Dac 9?2 decreased by Ga atoms chemisorbing from the Ga phys-
Sy As, Asy Asy Y As, . . .
Tdes,Ag isorbed state and by As leaving the surface. Since Foxon and

Joycé€ did not detect Ag leaving the surface above 300 °C
(1= 9, (1~ V6. (2)  the desorbing As flux is assumed to be entirely in the form of
As,. Foxon and Joyc# established that if there is a phys-
, . , isorbed state for Asits lifetime would have to be<10 °s
The factor of 2 in the chemisorption term represents the.facclind it is therefore assumed that the, Alesorbs directly from
that two As molecules are lost for each chemisorption y,e gyrface into the vacuum. The rate equation describing the
event. chemisorbed As population can then be formulated as

><(]-_As)4

Tchem,Ag

Oas=4D ps, Va5, (1~ Ons)
D. Physisorbed Ga state chem,Ag

(1— 9y, (1- Vo2

To formulate the rate equation describing the physisorbed
Ga state we follow the same considerations as above by hav-
ing an incoming flux from the vacuuntg, and assuming
the Ga can leave by overcoming a desorption energy barrier
E1 des,ca 10 be chemisorbed the Ga must find an As covered

site and this process is therefore proportional to the As sur- . ) . . .
face coverage® ... To enter the cluster state the Ga mustThe factor 4 in the first term on the right hand side takes into

chemisorb on top of another Ga and this process is therefo@cCount that for every Asthat is chemisorbed four As sur-

proportional to (1 ). The Ga can desorb from either of ace sites are covered and the factor 2 in the seconql term
these two chemisorbed states and the desorption fluxes Wmccounts for the fact that for each desorbing Awo chemi-
depend on the populations in the states;-(,s) for Ga sorbed As atoms are lost.

chemisorbed onto a “normal” lattice site arfdg, for the

cluster state, respectively. The associated desorption energifs G2 cluster state

are Ej ges ca@Nd E3 ges cafor the normal lattice site and the  In Sec. IV A a Ga cluster state was introduced since there
cluster state, respectively. The rate equation controlling thenust be a pathway for Ga atoms to form clusters on top of a

, 1 1
=203 Dealcd@as—(1-9y,)

Tdes As Tchem,Ga

X(1=Yg) +(1=0px) —

T2, des,Ga

®

Ga population in the physisorbed state is therefore Ga terminated surface. The energy barrier for chemisorption
1 1 into the cluster state iEq,s gaand the barrier to desorption
e ~DeadeO ac (1— ﬁNz) from this st'ate _|:F_3,_des,Ga The rate equation describing the
T1,des,Ga Tchem,Ga Ga population in this state can therefore be formulated as
1 : 1 1
X(1=as,) +(1=0py) PR Deatted 1 =049 Oca= ~Ocs—— +Dealed 1= Op) —— (1= Iy,)
2,des,Ga T3,des,Ga Tclus,Ga
X(1=as,). (6)
X——— (1= O,) (1= Dag)) + Oa——. k) N
clus,Ga 3,des,Ga Under standard growth conditions, the Ga cluster state will
not be significantly occupiedds,<1) and therefore its in-
E. Physisorbed N , state fluence on the chemisorbed As state can be neglected.

Since SIMS measurements show that ngidlincorpo-
rated into the lattice when growing GaAs with a high N V- FITTING AND MODELING PROCESS
background pressure, the rate equation controlling the nitro- The five coupled, first order differential equatiofsgs.
gen physisorbed population will only contain the incoming (2)—(6)] were solved numerically using the Simulink® pack-
flux Fy, and the desorbing flux, which depends on the deage in Matlab®. The growth process was modeled for 10 min
sorption energyEqes y, and is of the form real time at each temperature step to simulate our experi-
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ments. For simulations in the absence of an impinging Ga

-

=

=l
flux the physisorbedd;) and chemisorbed®;) populations E}(}r LN 'W\\_A
after 10 min of the last temperature step were used as the so | =
initial conditions for the next. For cases including a Ga flux %E (R S s
the simulation was first performed without Ga for 10 min =g | ... azife?gm,jf,‘,
real time, with the Ga being added afterwards using the ini- = % 40 0 500 80 0 &0 700

tial conditions found by the simulation without the Ga. Substrate Temperature [Degree Celcius]
To find values for the energy barriers associated with the
model it had to be compared with existing GaAs growth
data. The data presented by Brennan, Tsao, and Hanfmons :
as well as the growth rate data published by Spring Thorpe
and co-workers® was used to obtain the energy parameters.
All curves comparing the model to the data presented by TR0 ew &0 oo
Brennan and co-worketsare normalized to the incoming Substrate Temperature [Degree Celcius]
flux and the desorbing and incoming fluxes are expressed in

-

: ‘
I <4 Datafrom
= Model output « /

R

‘1‘4‘/

Normalized
Desorbing As2 flux
[=]
o

)
o

o,

x T T T
units of atoms/s. gf e ﬁzﬁjeflfgg;:; ‘ [
A. Desorbing As , flux §§ 0sr 1
The desorbing Asflux, which is the sum of 50% of the Z§ . . ‘ T
chemisorbed Asand the desorption process as described by 30 ° 400 ~ 450 500 ~ 550 600 650 700
Eq. (2), was fitted to the temperature dependent data pre- Substrate Temperature [Degree Celcius]
sented by Brennan and co-work&fsr an incoming Asg flux 1 R —
of 0.14 ML/s. Figure 1a) shows the data points with the L= ey
fitted curve and as can be seen, the curve fits the data rea- Eﬁos \2‘\
sonably well. 2277 oaatrom® N
Gl 4 Datafrom [ ‘\
~=== Model output LY
B. Desorbing As , flux 80 50 50 600 650 700 750

Substrate Temperature [Degree Celcius]
The desorbing Asflux is fitted to the data from Ref. 4 _ _ _

and the result can be seen in Figb)l There is a good Fle. 1: Fitted model outputs(a) Desorbing As qux_ normalized to the

for lower temperatures althouah at tem eratur!ncommg Ag flux vs substrate temperatur@®) Desorbing As flux m_)rmal-
agreement for . . p - 9 ’ p_ |?ed to the incoming Asflux vs substrate temperature) Desorbing Ga
above 620 °C the fit deviates, possibly due to out-diffusion ofjyx normalized to the incoming Asflux vs substrate temperaturéd)
As from the bulk which is not included in this model. Growth rate vs substrate temperature. The data points for Rigs-1lc) are

taken from Ref. 4 and for Fig.(d) from Refs. 5 and 6.

C. Desorbing Ga flux

The desorbing Ga flux can be seen in Fi¢c)together ~ flux is restarted at an elevated growth temperature. Since our
with the data from Ref. 4 and the model fit is in excellentSamples were immediately cooled following the 10 min

agreement with the data. growth the opportunity for Ga balls to be consumed is re-
duced and so the threshold for the Ga cluster population was
D. Growth rate taken to be 10 ML.

) ) ) ) The N, flux was estimated from the \oressure as deter-
The growth rate was simulated assuming an incoming Ggnined by the flux monitoring ion gauge relative to the Ga
flux of 1 ML/s and an Ag flux of 0.7 ML/s (in As, mol-  pheam equivalent pressure and was approximately 100 times

eculeg. The Ga flux corresponds with the data of Springthe incoming Ga flux. It was also assumed approximately 5
Thorpe and co-worket$ and the fitted curves are in excel-

lent agreement with the data.

-

* P(28) <107 Torr

® p28) = 6x10° Torr;
™ Model output (na Nitrogen)
--=- Model output (Nitrogen Flux) | .-~

E. Minimum necessary As , flux

o
™
T

Figure 2 shows the minimum necessary, lsix required
to maintain a Ga cluster population of less than 10 ML as a
function of temperature together with the data points deter- ‘ ‘
mined by our experiments for the case with ng &hd with 100 Sub;‘ti‘;te Tempeﬂure [Degri?CeIcius] 800
6x10 °TorrN, pressure in the growth chamber. The ex-
perimental polnis were normaized to the model output af 2 Beneni e o e P S s
600 °C for t_he no bzl case. It has _been found in the literature case and the dashed iine with t@eés represent thepcase ob610™° Torr c?f
that for As-induced RHEED oscillations, up to 15 ML of Ga \, in the chamber. All the data points are normalized by matching the data

can be deposited and the sample still recovErédhe As, point at 600 °C to the model output at 600 °C for the npddse.

o
)
T

Relative Minimal
Required As4 Flux

I
N
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N, molecules can occupy one lattice site and these consideN, pressure has been measured for substrate temperatures
ations lead to an incoming Nlux (FNz) of 20 ML/s. It can  between 400 and 600 °C and has been found to be higher

be seen that the simulated curve in the absence,édldws  than is required in the absence of a background. A kinetic

the data points very closely while there is some deviation fogrowth model has been presented which accounts for these

the 400 °C case when,Ns present. observations and is consistent with GaAs growth data pub-
lished by other authors.
VI. DISCUSSION The model introduces the concept of site blocking which

reduces the probability of chemisorption of AAsFurther-

Following the fitting process described in the previous
section the values for the energy barriers associated with jrore: the model suggests that a Ga clugteball state may

o ) i abe occupied at growth temperatures commonly employed for
tfi égag\s/l.tul)zns n ti]g 2”3%‘1?_' Ewere E);'ldl ;3_ bEEdes'AS“ GaAs and AlGaAs and this would have implications for ef-
e » chem,As4— VY- v des,AsZ 4+ » —=1,des,Ga ;

—0.97€V: Epomor0.00eV; Ejaeor1.846V; Eveon forts to produce smooth interfaces between these and other

=0.14eV; E;3 ges o 2.40eV; Eqes n=2.06 €V. The energy IV compound semiconductors.

barrier to the chemisorption of Asmolecules is in good
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