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Theoretical analysis of PbTe molecular flow in hot wall epitaxy system has been made using a
Monte-Carlo approach for free molecular flow. Variation in transmission probabilities with the
dimensions of the wall have been obtained. These results are applied to get epitaxial growth
conditions for PbTe on KCI substrates. It has been observed that at condensation energy Ec = 1.6
eV, the substrate temperature range obtained using the present analysis agrees well with the
experimental observations.
PACS numbers: 8U5.Lm, 68.55.
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I. INTRODUCTION

Thin epitaxial films now occupy a prominant place in
basic research and solid state technology.! One of the accepted facts in thin film growth has been that the quality of epitaxial films is usually much inferior to that of bulk material.
Recent developments in thin film growth, however, have
shown that this need not necessarily be so. One of the techniques which has contributed significantly to the preparation of epitaxial films of congruently evaporating compound
semiconductors with bulk-like properties is the hot wall epitaxy technique (HWE).2 HWE is one of the three-temperature approaches 3 to grow good quality epitaxial films with
controlled stoichiometric deviations. This technique has
been successfully tried for the development of IR detectors
oflead chalcogenides. The epitaxial films grown by this technique are even found to have a low carrier concentration and
high mobility as compared to its bulk material. 2 Epitaxial
growth of II-VI and IV-VI compounds by this technique
have been discussed by many authors. 4 - 10 Recently Kinoshitta and co-workers II have reported the growth of superlattice structures using HWE.
In the present work, a detailed theoretical analysis of
the PbTe molecular flow in HWE system and the epitaxial
growth conditions with respect to the design aspects of
HWE system has been discussed. The experimental epitaxial
growth conditions reported by previous authors are found to
be in good agreement with the theoretically arrived results.
II. DESCRIPTION OF HWE SYSTEM

HWE is concerned with the epitaxial growth under
conditions close to thermodynamic equilibrium, i.e., keeping source and substrate temperature as close as possible
with a minimum loss of material. A simplified schematic
diagram of HWE system is shown in Fig. 1. The source material is placed at the sealed bottom of a quartz tube while the
substrate is placed on the open end of the top. In this manner
the substrate acts effectively as a lid to close the tube. Three
resistence windings serve to heat the substrate, the source
and the wall of the tube independently. The whole apparatus
is contained in a vacuum. The molecules evaporating from
the source charge hit the hot quartz wall and describe zigzag
paths inside the quartz tube before reaching the substrate.
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FIG. 1. Simplified schematic diagram ofHWE system.

III. MONTE-CARLO APPROACH

HWE system can be viewed as flow of gas molecules
through a heated cylindrical tube from the source towards
the substrate. II-VI and IV-VI compounds evaporate congruently!2 for specific temperature range which can be determined from the phase diagram of the source material. The
mean free paths of the molecules of these compounds calculated in that temperature range satisfy the necessary condition for a free molecular flow, viz., Knudsen number
(FPO) > 1.13.14 Hence the Monte-Carlo approach as suggested by Fan!5 can be applied with appropriate modifications to
analyze the molecular flow in HWE system. The flow chart
of the scheme used for the present work is given in Fig. 2. The
basic assumptions are that the molecules are elastic hard
spheres and that the thermal velocity distribution of molecules in the free stream is Maxwellian.
The Monte-Carlo method is in general terms a technique for solving physical and mathematical problems by
probability samplings through the use of random numbers.
When this method is applied to molecular flow problems, a
sufficiently large number of sample molecules must be suc-
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GENERATION OFMOLECULE AT THEENTRANCE
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FIG_ 2_ Flow chart for the computer-aided analysis of molecular Row dynamics in HWE system.

cessively generated by statistical means such that the actual
deterministic and random features of the physical processes
are exactly simulated. By following each molecule through
the tube one by one and tallying the events and histories of all
test molecules, transport probability and flux distributions
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both at the exit end plane and along the wall can be obtained
for a variety of flow conditions. Maxwellian distribution of
gas molecules in HWE system have been solved for various
source temperatures Ts , wall temperatures T w , and length L
of the tube of radius '0 using the following parameters: (i)
V. Ramachandran and P. R. Vaya
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With these equations. the starting location of the sample
molecules will be completely random. A thermal velocity
vector VTH for the molecule at the point PI is generated by
using the relationship of the thermal velocity components
(Vr' Vo• Vz ) in cylindrical coordinates and the random
numbers derived by kinetic theory considerations as follows:

~p\

__________________z
~

= ..)2kTs/m •
Vr = Vm~ln(/R3)
Vz = Vm~ln(/R4)'
e = 21TR s•

o

y

VTH =..)V;

FI G. 3. Schematic diagram of the Cartesian coordinates of the sample molecule at the starting location.

UITH

Knudsen number. (ii) molecular diameter. (iii) mass of the
molecule. (iv) accommodation and reflection coefficients
and (v) ratio of specific heat.
Calculations begin by generating a sample molecule at
an arbitray point PI (XI' YI • Zd in the entrance plane as in
Fig. 3 by making use of a multiplicative random number
generator. These random numbersR; (i = 1.2 •... ) aregenerated in IBM-370/155 computer by calling subroutine
RANDU. These are uniformly distributed pseudorandom
numbers in the interval of 0 and 1 with a period 2.33 The
nondimensional position coordinates of PI can then be computed from

=.pr; COS(21TR 2 ).
YI/ro = .pr; sin(21TR 2 ).

XI/ro

D

=

-

(1)
(2)
(3)

O.

ZI/ro =

(UITHXj/rO

(4)

Vm

+ UnH Yj/ro) + ..)(1 -

U3TH f

U2TH
U3TH

(5)

•

(6)
(7)

+ V;.

(8)

= Vr cos e/VTH •
= V, sin e/VTH •
= Vz/VTH •

(9)
(10)
(11)

where k is the Boltzmann's constant. Vm is the most probable speed at Ts. and UITH • U2TH • U3TH are the direction
cosines of V TH' Then. the coordinates of the point of intersection which the thermal velocity vector makes with the
tube wall (z = ~L
) or with the imaginary extensions of the
wall are

Xw/ro = Dw,UITH
Yw/ro = Dw, U2TH
Zw/ro = Dw, U3TH

+ XI/ro.
+ YI/ro•
+ ZI/ro.

A = As [In(l/R6)],

+ (UZTHX j -

(16)

where As is the mean free path corresponding to source temperature.
Depending upon the magnitude of A. the value of Dw.
and the length I of the tube. the molecule may either pass
through the tube or have an intermolecular collision or have
a wall collision. In each case. the event of occurrence and its
history are recorded. If the molecule exits the tube. the point
of exit on the exit plane is also recorded.
Intermolecular collision

A simple hard sphere collision model as discussed by
Fan 15 is used for intermolecular collision. The concept of
persistence of velocity following a collision is included in the
calculations using the following sets of equations.
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(13)
(14)

where Dw is the distance between the point PI and the intersection point (Xw• Y w• Zw) divided by r o as defined by

UnH Yj/ro)2

(15)

w

The distribution of free path A. in Maxwellian thermal motion in the free stream around the mean free path As is computed by

(12)

Direction cosines and magnitudes of thermal velocity
after collision without persistence are

U I = sin t/> cos e.

(17)

e.

(18)

U2 = sin t/> sin
U3 = cos t/>.

(19)

where

t/> =

cos-I(l -

e=

21TR j2 •

V = Vm~ln(/R13

R l1 ).

(20)

(21)

~-

(22)

R I4 )·

Direction cosines and magnitude of thermal velocity
after collision with persistence are

+ 0.406VTH
V2TH = V U + 0.406VTH
V3TH = V U3 + 0.406VTH
VITH = V U I

UITH •

(23)

2

UnH •

(24)

U3TH •

(25)
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considered to be diffuse type by taking u as unity. Then the
distribution of velocity (Vd) of the reflected molecule is Maxwellian and is assumed to obey Lamberts' cosine law of reflection. It can be calculated using the following sets of equations:

TABLE I. Input data list for PbTe molecular flow in HWE system.
SYMOOI.

INPUT DATA

VALUES

10 em

Radius of the tube

20

Normalised length of Ihe tube

(~

K nud sen number

Source

Ew = [(y + l)/2(y - l)]kTw ,
~20

FPO
Ts

Temperature

Tw

Wall Temperalurt!

Er

= (1

Tr

= [2(y -

Reflection Coeffloent

10

Vmr = ~2kTr/m

Ace orrmodation Coefficient

10

Vd
-21

o 557982xIO

gn
-15
13790xlOergs/k
-7
0659xlO em

1m) MO

Boltzmann's constant

o

k

D,ameler of Ihe molecule

VTH

=

10,000

N

Sample size

~ ViTH

+ V~TH

+ V~TH

(26)

•

= vmr $i1(lIR I5 R I6 ).

(32)
(33)
(34)

¢>d

= sin-J~.

(35)

ed

= 21TR J8 •

(36)

Hence the direction cosines of Vd with respect to body centered coordinates are

VlTH/VTH •

(27)

U2TH = V2TH /VTH •
U3TH = V3TH /VTH'

(28)

U 1d

(29)

U2d

U lTH =

•

(31)

where Ew is the thermal energy of the wall at temperature
Tw. E; is the energy of reflected molecule. Tr is the temperature of reflected molecule. and Vmr is the most probable
speed at T r •
The polar angles of Vd with respect to local coordinates
are calculated by

Rolla of specific heat
Mass of the molecule

+ (a/u)Ew'
1)1(y + 1)] - (EJk).

- a/u)E;

(30)

The test molecule continues its journey in the tube and
is followed until it reaches the tube at either end, After that
another molecule is generated at the entrance plane and the
calculations are repeated all over again.
Wall collisions

For the molecule hitting the wall. a determination is
made as to whether the molecule would be reflected diffusely
or specularly. This is done in a statistical manner as follows.
A random number is generated and compared with the reflection coefficient (1. If that random number is greater than
(1. the reflection is specular. otherwise the reflection is diffuse. In this program all the reflections from the wall are

= sin ¢>d cos Od Y,jro - cos ¢>d Xw/ro.
= - sin ¢>d cos ed Xw/ro - cos ¢>d Yw/ro.

U3d = sin ¢>d sin

ed •

(37)
(38)

(39)

The test molecule then continues its journey in the tube
and is followed until it reaches the tube at either end. After
that another molecule is generated at the entrance plane and
the calculations are repeated all over again.
Thus. the total number of molecules exiting at each ring
of the exit plane and so the flux density distribution at the
exit plane for various source temperature Ts and length L of
the wall are calculated. The direct transmission probability
(TPD) and total transmission probability (TP) from the
source end to the substrate end are worked out taking the
total number of sample molecules generated at the entrance
plane into consideration.

TABLE II. Computed results on the transport properties ofPbTe molecular flow in HWE system.
L
ro

ZO

50

100

15 0

ZO 0

No 01 molecules crossmg
I!xll plane

NZL

5136

3067

1932.

11, 05

892.

No d mOlecules crossing
en trance plane

NZO

4864

6933

8064

84Z6

8630.

Toiol lransmission
probability

TP

0.51360

0.30670

019340

014890

0.71370

Direct transmission
probability

TPD

016320

0.03360

0. 00 7Z0

0. 00Z85

000210

3614

4394

rolal No 01 molecular
CollIsions

KMC

Total No 01 wall
colliSions

KWC
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FIG. 4. Dependence of transmission probability
ofPbTe molecules on the design parameters (L I
r) of the HWE system.
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IV. EPITAXY GROWTH CONDITIONS

As suggested by Lewis and Anderson 16 for an epitaxial
growth the condensation energy (Ee) of the evaporating molecules should lie in between the adsorption energy (Ea) of the
substrate and its sublimation energy (H). As a general guide,
it was suggested that for an epitaxial growth

Ee

=

O.87H.

(40)

The condensation energy (Ee) is related to the substrate temperature (Tsu) and incident rate of molecules (Rin) on the
substrate by

Ee = kTsu [In(lOI3IRin)],
where

(41)

R in = TP Rev'

(42)

Rev

(43)

=

1013 exp( - H IkTs) .

Rev is the evaporation rate at the source temperature Ts.
The above scheme is applied to the flow oflead telluride
(PbTe) molecules as a free stream through the hot cylindrical
tube of length L. The flow is considered from the source
towards the exit end into the vacuum. The corresponding
input data are listed in Table I. The nature of the molecules
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FIG. 5. Dependence of direct transmission
probability ofPbTe molecules on the design parameter (L Ir) of the HWE system.
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FIG. 6. PbTe molecular flux density distribution at the exit end of the HWE system.
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and the physical conditions of the wall are assumed to be
such that their interaction phenomena can be fully described
by a thermal accommodation coefficient a and a reflection
coefficient a.
TABLE IlIa. Computed substrate temperatures for epitaxial growth of
PbTe for Ec = 2.0 eV at various source temperatures.

V. DISCUSSION

The effect of length of the wall of HWE system at constant source temperature and wall temperature on PbTe molecular flow has been analyzed and presented in Table II.
Figures 4 and S show the variation of transmission probability with length of the wall. Figure 6 shows the variation in
exit plane flux density [QEXIT(K)] with respect to the distance from the center of the plane for various lengths of the
wall. The distance from the center to the wall, i.e., the radius
ro is divided into ten equal parts designated by K = 1, 2, ... ,
10. It is found that the nonuniformity in flux density distribution at exit plane decreases with increase in length of the
wall and at about L = 20ro, the molecules are found to be
collimated towards the center of the exit plane. The direct
transmission probability falls rapidly for an initial increase
in length up to L = Sro and then falls slowly with further
increase in length. Total transmission probability varies
down smoothly with increase in length. The substrate temperatures for epitaxial growth ofPbTe are calculated by using Eqs. (40) and (41). But it has been observed that the value
of Ec varies with substrate materials 16; for fcc epitaxial
growth on ionic crystal substrates such as Kel, the value of
Ec is nearly equal to 1.6 eV.17 Substrate temperatures computed corresponding to these values of Ec are listed in Tables
IlIa and IIIb. Table IV shows the comparison of the substrate temperature ranges for good epitaxial growth by
HWE as calculated using the present analysis with reported
experimental range. It is quite clear from this table that the
temperature range calculated for Ec = 1.6 eV agrees well
with the reported experimental results.
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773K

783°K

813K

833°K

°
853K

873K

20

688

706

723

71. 1

758

775

5. 0

678

695

712

729

71.6

762

10.0

670

687

703

720

736

752

15. 0

665

687

687

695

729

71.5

200

657

673

689

701.

720

736

TABLE IIIb. Computed substrate temperatures for epitaxial growth of
PbTe for Ec = 1.6 eV at various source temperatures.
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50
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610
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536
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602
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532
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526
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TABLE IV. Comparison of substrate temperature ranges computed by using the present analysis and that of reported experimental results.
PbTe
Source Temperature
Range

Substrate Temperature
Range for Epitaxial
Growth

References

Ec =7.6eV Ec= 1.91eV
526°K-620

657K-775K

Present
Analysis

2, 18,19

FIG. 9. Surface morphology ofthe grown film at a substrate temperature of
350·C.

FIG. 7. SEM photograph of the surface ofa film grown at a substrate temperature of 290 .c.

FIG. 8. Mirror finish of the surface of the film grown at a substrate temperature of 290 ·C.
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FIG. 10. The presence of micro droplets and cellular structures on the surface of a film grown at substrate temperature of 350 ·C.

FIG. II. X-ray Laue back reflection photograph of the film grown at a substrate temperature of 290 .c.
V. Ramachandran and P. R. Vaya
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KCI(200)

FIG. 12. X-ray Bragg diffractometer recording of the film grown at a substrate temperature of 290 'c.
LT

KCI (400)

-29

28.45' 28.29'

VI. EXPERIMENT

Following the theoretical guidelines, a HWE system
having L /r = 15.0 has been chosen for the experimental
studies. The working chamber was a glass bell-jar in which a
base pressure of 2 X 10- 6 Torr was achieved prior to the
growth. The source material PbTe was synthesized from
stoichiometric melts of the elements (99.999% pure). Freshly cleaved KCI (100) crystals were used as substrates. The
substrate which acted as a lid to close the tube was heated
independently by a bed-heater arrangement. The substrate
temperature was calibrated by using a copper-constantan
thermocouple at the front face of a KCI substrate prior to the
growth. The substrate was preheated to 400 °C for 30 min in
order to release the adsorbed gases and moisture from the
surface. Then the temperature was brought down to growth
temperature slowly. The source temperature was raised to
540°C gradually. The quartz wall temperature was kept constant as that of source. Thin films were grown at various
substrate temperature ranging from 250 to 350 DC. Figure 7
is the SEM photograph of the surface of a film grown at
theoretically arrived substrate temperature of290 DC, revealing the smoothness and Fig. 8 shows the mirror finish of the
same surface. Figure 9 is the nonshiny and inferior quality
surface of the film grown at a higher substrate temperatures
typically at 350°C. Close investigations of the above surface
under optical microscope revealed the presence of microdroplets and cellular-like structures as shown in Fig. 10. The
single crystallinity of the grown films were ascertained by xray techniques. Figures 11 and 12 are the Laue back reflection and Bragg diffractometer recording of the films grown
at substrate temperature of 290°C. For other values of L /r
the experimental studies were also made and found to be in
5392
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good agreement with the theoretical predictions. These results have been reported elsewhere. 20
VII. CONCLUSION

A detailed theoretical analysis of the PbTe molecular
flow in HWE system and the epitaxial growth conditions has
been arrived with respect to the design aspects ofHWE system. It is found that the theoretically arrived epitaxial
growth conditions are well matching with experimentally
observed growth conditions.
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