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Project Summary 

A rate equation approach is proposed based on physically soimd surface processes to 

investigate the molecular beam epitaxy growth and doping of of III-N using ammonia 

and ECR plasma source. A surface riding layer of Ga/In/Mg and ammonia or N plasma 

species are included in the model. The surface riding species are allowed to undergo 

several physical and chemical processes. In the case of ammonia, the simulated Ga 

incorporation rate as a function of ammonia pressure and substrate temperature are in 

excellent agreement with the experimental data. Ga incorporation increases with 

increasing ammonia overpressure. Simulated Ga desorption parameter versus time data is 

also in good qualitative agreement with the experimental data, hi the case of ECR 

plasma, electron concentration obtained from bulk vacancy concentrations of Ga and N 

decreases linearly with ECR power unlike the experimental observation of exponential 

decrease. 

In InGaN growth, results of In incorporation obtained from simulations and 

experiments are in excellent agreement for various growth conditions. In segregation is 

found to be negligible below 580 "C. Above 640 "C, the segregation dominates the 

kinetics. This temperature dependence is found to be independent of the fluxes. In Mg- 

GaN growth, simulations were carried for various growth temperatures in the range of 

600-750 °C with constant flux rates of Mg, Ga and N. For the given flux rates, it is found 

that Mg segregates to the surface with the increase in temperature. Above 750 "C a 

dopant depleted zone is formed below the surface layer. Results obtained from 

simulations are in excellent agreement with the experimental data. 
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1. RATE EQUATION MODEL 

l.l.Surface Processes 

The MBE growth simulation of GaN, InGaN on wurtzitic GaN substrate oriented 

along [0001] and Mg doping of wurtzitic GaN were considered. The dynamic processes 

occurring on a surface riding physisorbed material layer (PM) and the surface of the 

ciystalHne epilayer play a crucial role in the growth and composition of compound 

semiconductors. The atoms or molecules of this layer are physisorbed on to the surface 

by Vander Waals type of binding, i.e., weakly bonded to the surface. 

Several dynamic processes such as the adsorption of atom onto the crystal, the 

evaporation of atom out of it and the segregation of atoms from the bulk into the PM 

layer are considered for the PM layer. These processes are assumed to be Arrhenius type 

and are given by: 

T, =r„,„e*r (1) I oj,e 

where r„, ^ represents the time constant for the process i, Ei is the activation energy, k is 

the Boltzmann constant and Fis the temperature in Kelvin. 

The surface dynamic processes included for the epilayer are adsorption, evaporation, 

interlayer migration, intralayer migration and segregation. A schematic picture of these 

processes is shown in Figure 1 for InGaN and Figure 2 for Mg-GaN. Arrhenius type rate 

equations are assumed for the rate of evaporation and migration of atoms, and are given 

by: 

R = Ke'^^ (2) 



where R„ is the frequency prefactor, £,,, is the activation energy, k is the Boltzmann 

constant and Fis the temperature in Kelvin. 

1.2. Time Evolution Equations 

1.2.1. GaN using Ammonia 

Nitride MBE growth involves the presence and dynamics of a physisorbed 

material (PM) state riding on the surface for the constituent elements, especially for the 

NH, molecule. Typically, these molecules/atoms fom a weakly bound precursor state 

with Van der Waal type binding. This layer of material undergoes two dynamic 

processes, chemisorption into regular lattice sites and desoiption out of the layer in to 

vacuum. The NH, molecules in the PM layer undergo the followmg chemical reaction 

bypyrolysis: 

NH,+Ga (crystal surface) <^ GaN (crystal surface)+ -H. 
2    ' (3) 

1.2.2. CaiV and/«C?aiVGrowtIis 

The time evolution of the growing epilayer is described through the change of macro 

variables such as coverages of individual species resulting from the surface processes. 

The macro variables of growth are normalized with respect to the maximum number of 

possible atoms in the layer, and therefore have values between 0 and 1. Coverage is 1 

when the layer is foil and 0 when the layer is empty. 



The layer coverages of Ga, N, and In in their respective layers are the macro 

variables describing the growth and are denoted as: 

Co„ (in): layer coverage of Ga in the 2n"' layer, 

Cfj {in +1): layer coverage of ^ in the 2n+l'* layer, 

Cj„ (in): layer coverage of/« in the 2n'* layer, 

Cgf = C™ and Cff :PM layer coverage of Ga, N and In respectively. (4) 

where n is the layer index, with the Ga and In belonging to even numbered layers, and 

the N belonging to the odd numbered layers. Note that the coverages can have values 

between 0 and 1, depending on how foil a layer is. 

The time evolution of the layer coverage of/« in the 2n'* layer due to the various 

surface processes is given by: 

dC,„{2n) 

dt 
[C^(2M-l)-C(2n)]x 

C ln,phy 
(Al) 

+ [C^{2n~l)-C{2n)]x 

x[c(2w + 2)-C^(2« + 3)] 

f Ejr,(2n+2] 

R,e    *^ 
CrA^n + l) 

C{2n + 2) 

E,,„(2n-2)f 

+ R^e     *^ 

«rf,/„(2n) 

C/„(2«-2)' 
C{2«-2)^ 

x[c(2«-2)-C^(2«-l)] (Bl) 

-R,e   *^ 
C(2n) , 

x[c{2«)-C^(2« + l)] 

([Q(2« + l)-C(2« + 2)]+[c^(2«-3)-C{2«-2)]) 

'''•"^'"^'C,„(2nY 
R,e   "^ 

C(2n) 
X[C{2«)-Q(2« + I)] 

(Cl) 

(Dl) 



C{2n) x[c{2n)~C^(2n + \)] (El) (5) 

where the term Al represents the increase m C,(2«), resulting from adsorption of/„ 

from the mcommg flux. The rate of adsorption is the product of the available sites for/« 

incorporation on the surface, [C,(2n-l)-C{2n)l and the fluxes of/«, J, from the 

^In,phy^l 

molecular beam and ^^ from the PM layer. The sticking coefficient of/„ is taken 
in 

as unity. The term Bl describes the increase in C,„{2n) resulting from migration of/„ 

into the 2n'* layer from all the adjacent layers, i.e., (2« + 2)and (2«-2). 

[C{2n -2)-C^ {2n - \)] is the fraction of available sites for In in the 2n'* layer. In and Ga 

are the two possible elements in the cation sub-lattice. The total coverage of a cation 

layer, C{2n + 2), is given by: 

C{2n + 2)=C^X2n + 2)+C,„{2n + 2) (g) 

The fraction -^^ib)"^' "'^^ *° ^"'^^"^^ °"'y *e In portion of all the cations in 

the layer for migration. The activation energy for /„ diffosion in the 2n-2'* layer depends 

on the coverage of the layer and is given as: 

^../„ (2« - 2) = £, ,„ ,^ + 6E,„,„C,„ (2n - 2)+ 6^^„ ,„Q„ {in -1) (7) 

where, E,.^ is the activation energy of isolated atoms, and the second neighbor atom- 

atom pair interaction energies, £,^ , and E,„^,, with a factor of six for the maximum 

possible number of neighbonng atoms.  Thus, when the coverage is veiy small, 

10 



^rf,/„(2«-2) equals E,,„,^^. [c^{2n)~C{2n + \)] is the portion of the n'* layer available 

for diffusion of Ga/In from the neighboring layers. Term Cl represents the migration 

process opposite to that represented by the term BI. The terms Dl and El in Equation 

(4) describes the decrease m C,„ (in) resulting from the evaporation and segregation of In 

atoms, respectively, from the 2n'^ layer.    ^[c(2„)-C,(2« + l)] represents the 

fraction of In in the 2n'* exposed layer to the vacuum so that it is available for segregation 

or evaporation. 

The descriptions of the activation energy for evaporation and segregation are similar 

to that of diffusion given by equation (5), except for the value for the isolated adatc 

The equations are 

and 

Eej„ (2«) = £,,„,„„ + 6E,„_,^C,„ {2n)+6E^^,„C^^ {in) 

E,j„ {In) = ^^ ,„ ,^ + 6E,„,^ C,„ {in) + 6E^^,„ Q„ (l„) 

for evaporation and segregation, respectively. 

The time evolution of the layer coverage of/« in the PM layer, ^ 

torn. 

(8) 

(9) 

dt 
, is given by: 

dC, i.phy 

c       r    ? -BA2n] 

dt 

iMi-s,))-^-h^^R^,-t Ci,pHyi2ny 

[   C(2n)  ^ (10) 
4c{2n)-C^(2n + l)] 

where i represents In in this case and S, is the sum of all crystal sites that are available f< 

the incorporation of species in the appropriate sub-lattice. J; is the molecular flux of the i 

species coming onto the substrate. The first temi denotes the increase in PM coverage due 

to arrival of i* species flux. The second and third term denotes the net loss of PM layer 

or 

th 

11 



coverage due to evaporation and chemisorption. The last term denotes the gain in the PM 

layer coverage due to segregation. 

A similar equation is written for physisorbed Ga and iV without the segregation term 

and the i^ getting incorporated in the anion sub-lattice. As only monolayer coverage of 

the PM layer is effective in the surface dynamics, the sum of the coverage of Ga, In and 

iV in the PM layer cannot exceed 1. ^^ is the frequency factor and E^ (in) is the activation 

energy for the segregation of the f species from the crystal surface to the PM layer. 

Equations similar to (4-9) are written for N and Ga, except that the term E, which 

represents segregation, is excluded from them. 

The time evolution of the layer coverage of Ga in the 2n'* layer due to the surface 

processes is given by 

dt 
[C,(2n-\)-C(2n)]x (A2) 

+ [C,{2n-l)~C(2n)]x R,e~^^^\^4 ) 
{ {c{2n + 2)^ 

x[c{2n + 2)-C,{2n + 3)] 

Ej.a,(2n-2)^ 

+ ^oe      *^ 

-R,e   *^ 

' CgA^n-2y 
C{2n-2) 

-IT-  CGA2n) 

x[c(2«-2)-C^(2«-l)] (B2) 

x[c{2«)-C^(2« + l)] 
V C{2n) 

X fc (2n + 1)- C(2« + 2)]+ [C^ {2n - 3)- C(2« - 2)]) 

CGa{2n) 

C(2«) ^ 
-R,e   *^ x[c(2«)-Q{2„ + l)] 

(C2) 

(D2)(ll) 

12 



The terms A2, B2, C2 and D2 are similar to Al, Bl, Cl and Dl respectively. 

The time evolution of layer coverage of iVis given by: 

^C^(2« + l) 
dt 

[C(2n)-C{2« + I)]x •J hi   ' 

-f\ 

' T^ 
(A3) 

+ [C(2«)-C(2n + I)]x 

xlc{2n + 3)-C{2n + 4)] 

f Ej_i,(2n*3] 

R,e    *^ 
C(2n + 3)^ 

«rf,s(2«-l)/' 

+ R^e    *r Q(2«-l)' 
C(2«-l), 

R,e    *^ 

x[c(2«-l)-C(2«)] 

x[c(2« + l)-C(2n + 2)] 

(B3) 

C(2/? + l) 

X ([C(2« + 2)- Q„ (2« + 3)]+ [C{2n - 2)- C(2« -1)]) 

^0^      *" 
C(2n + l) 

X[C(2« + I)-C(2K + 2)] 

(C3) 

(D3)(12) 

where the terms A3, B3, C3 and D3 are similar to A131,C1 and Dl respectively. 

For the GaN growth with ammonia and ECR plasma N, the In flux is set to zero and 

hence all the coverage equations for In become unnecessary. 

1.2.3. Mg-GaN GrQ^vth 

The model used to describe Mg-GaN growth is same as the one used for InGaN 

growth except for the equation representing the activation energy of Mg diffiision. All the 

equations in InGaN except equation (7) are employed in this model with the subscript In 

changed to Mg. 

13 



The activation energy for Mg diffusion m the 2n-2'* layer depends on the coverage 

of the layer and is given as: 

EdMg.u (2« - 2) = ^, ,,^;,„_„ + 6£^^_^^C^^ (in -2}+ 6E^_^^^^C^^ (in -1) 

and 

E,,M,,, (2n -2)= E,^^^,^^^ + 6E^^^^C^^ (in -2)+ 6E^^,,^C^^ (in -1)       (B) 

where, E,^^^ is the activation energy of isolated atoms moving upwards and E        is 
d,iso,d   '"^ 

the activation energy for atoms movmg downwards, and the second neighbor atom-atom 

pair interaction energies, ^,„^^ and E,^^„^, with a factor of six for the maximum 

possible number of neighboring atoms. Thus, when the coverage is very small, 

^.^.(2«-2) equals E,^^^,^, [C^(2«)-C(2« + l)] is the portion of the n" layer 

available for diffusion of Ga/Mg from neighboring layers. The differentiation made here 

for Mg migrating up or down is not done for/« migration as described in section 1.2.2. 

1.3 Computational details and model parameters 

Three first order nonlinear differential equations are required for the description of 

the evolution of each bilayer of InGaN/Mg-GaN with one equation describing the time 

evolution of each of the nomialized macro-variables. Three additional equations are 

required for describing the time evolution of the PM layer. For this work, a total of 243 

coupled nonlinear first order differential equations are required to solve the simultaneous 

growth of 80 bilayers and the PM layer. 

Fourth order Runge-Kutta method was used to integrate the system of equations 

with time steps of less than lO'^ s to compute the values of each of the macro-variables as 

14 



a fiinction of time for a growth time of 40 s. Similarly the activation energies for In, Ga 

and N evaporation process from the PM layer, ^-^£- and E^ respectively for InGaN 

and C^^.?and E^^ for Mg-GaN are assumed to be linearly dependent on their own 

coverage in the physisorbed layer [Table I]. 

In the case of InGaN, in order to make the model simple, the 2'"^neighbor interaction 

energies are kept the same and also the 1^' neighbor interaction energy between HI-V 

atoms are kept identical. In Mg-GaN the first neighbor interaction energy between Ga-N 

and Mg-N are made equal. The first neighbor interaction energy between Mg-Ga is made 

smaller and is equal to the second neighbor interaction energies. 

The prefactor of time constants for incorporation and evaporation processes are 

obtained according to the Airhenius equation and related to the activation energies. The 

evaporation, segregation and diffiision processes in the surface of the epilayer are 

assumed to be thermally activated and are modeled with the frequency factor, Ro and 

activation energy. Ro is linearly dependent on the substrate temperature, and is given by: 

^o=2.08xl0"'xr (j^x 

This IS based on the phonon frequency obtained using the equipartition energy principle. 

The frequency prefactor of diffiision processes are assumed constants. The frequency 

prefactor for segregation is considered to be lineariy dependent on the substrate 

temperature, and is given by: 

^o,,=1.743xlO"'xr (J5J 

The segregation process from the PM layer is allowed only for In in the InGaN and 

only for Mg in Mg-GaN It is noted that Ro,. is smaller than the Ro of evaporation and 

diffiision. The frequency factors for the other processes are: 

15 



Ro • " frequency factor for N for diffusion 4.38 x 10^/s 

^0'   frequency factor for Ga for diffusion 2.4x10%. 

^o^-'" and ^0^'** frequency factor for In and Mg for difftision 4.38 x 10%. 
(16) 

1.4. Conversion among various flux units 

The flux rates given in atoms!cm^s are converted to f— 
K s J 

The conversion is 

done by multiplying the flux in atoms/em's, with the area/site of the wm^itic structure. 

J (ML^     Jatoms^ 
\ s ) 

= J 
cm s J 

X—a% 
2 (17) 

where a is the lattice constant. For GaN a = 3.189^° and h ence. 

J 
K  ^ J 

= 8.8072x10-'* xj^2^^ 
cm s J (18) 

For the wurzitic structure c = 5.185 ^'^ and eveiy monolayer is equal to £ and hence. 

J 
^ML^ 

J 
^ nm ^ 

\ s J 
__\mm.j 

c 

2 
^ nm ^ (19) 

\mmj 

2.  RESULTS AND DISCUSSIONS 

2.1. Ammonia as tlie Source 

Two sets of growth conditions, one following the experiments of Held et. al. [18] 

and the other following Jenny et. al. [2] were employed. The growth direction was [100] 

16 



for both the sets, hi the case of Held et. al., [1], the temperature was in the range of 

1013-1113 K; NH^ pressure, P^^^, was in the range of 0 -4.0xl0~^ torr and Ga flux 

rate, J^^ was in the range of 0 - 2.8 ML/sec. In the case of Jenny et. al. [2], the 

temperature was 1023 K; NH3 pressure, P^^^, was the range of 0 - 15.0 xlO~^ torr and 

Ga flux rate, J^^ was 0.14 ML/sec. P^„^ was converted to a flux rate, J^^^, using the 

following equation: 

p 
-' NH, 

m. =^== (20) 

where m is the molecular weight of the NH^ molecule, ^^is the Boltzmann constant and 

T is the source temperature. 

Ga incorporation rate was obtained by time averaging Ga layer coverage for the 

entire  growth   period.      A  plots   of Ga   incorporation  rate  (ML/sec.)  versus 

PNH, (torr) at constant Ga fluxes of 0.5 ML/sec. and 1.0 ML/sec. at the  temperature of 

1058 K is shown in Figure 3 for the growth conditions of Held et. al.. [1] along with their 

experimental data.  The agreement between the results is excellent for the experimental 

values of Ga flux 1.0 ML/sec. case, hi Figure 3, the vertical line clearly separate the 

pressures into two regimes with  P^^^, less than 2.5   x 10"'torr (left of the line) 

representing the iW/3-limited regime andP^^^ more than 2.5 x 10"'torr (right of the line) 

representing the Ga-limited regime. It is found that the Ga incorporation rate is linear in 

theM/3 reaction-limited regime.  In this regime, the excess Ga rides on the surface and 

reevaporates from the PM layer with activation energy of approximately 0.2eV. 
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A plot of Ga incorporation rate (ML/sec.) versus temperature is shown in Figure 4 

for the growth conditions of Held et. al. [1] along with their experimental data.   The 

agreement between the results are excellent for most temperature values for a growth rate 

of 1.0 ML/sec.  The incorporation rate increases with temperature till 1093 K and then 

decreases.    This behavior is due to competition between two thermally activated 

processes, the NH, reaction given by equation (3) and the reevaporation of Ga from the 

surface through the PM layer. The plots Ga   incorporation rate versue temperature for Ga 

fluxs of 0.5 ML/sec, 1.5ML/sec, and 2.0 ML/sec. from simulation are also shown in 

Figure 4. It is noted that the temperature at which the growth rate peaks increases with 

the growth rate due to unavailability of surface Ga for evaporation and less residence 

time. 

Growth rate versus Ga flux rate from our simulation is shown in Figure 5 along 

with experimental results of Held et. al.. [1]. The growth rate is Ga-limited with nearly 

unity incorporation up to a certain Ga flux, then the growth rate is iWj-limited for 

higher Ga fluxes, hi the iWj-limited range, the growth rate reduces with Ga flux. The 

agreement between the results is excellent at low and high Ga flux rate. The simulation 

results deviate from experiments in the intermediate flux rate. The reason for this 

discrepancy is not clear. The reason for our observation is as follows. As the Ga flux rate 

increases, the proportion of Ga in the PM layer increases as shown in Figure 6. At the 

same time, the NH, proportion decreases as Q„.,,, + C^^,,^,^   < 1.0. As the C,,^^^,^ 

decreases, the incorporation rate of iV decreases and hence the growth rate decreases. 

The Ga incoiporation rate (ML/sec.) as a fimction of temperature for several Ga 

INH.fhxx ratios is shown in Figure 7. For this set of data, the ratio was fixed and the 



temperature was vaned. Even though .he experimental [3] and simulation results ate in 

the same approx,mate rang, they do no. agree either qual.tative.y or ,ua„.i.a.,vely. The 

trend seems similar. The reason for .he discrepancy is not clear. 

Deson,tio„ rate of Ga, Z,„.. was found as the deference between the amving 

atonts and the change m the total atom ccncentrafon in the crystal and the PM layer m a 

preset short period of time. lMa.hematically, it can be written as: 

■D<*=-/o.Ar-   j;[C„,(2«)(( + A0-Q f2n)(r)l-rc       f»+Art    r- .»-/.„, "•'■    '^''J   tLo,„,,(< + AO-Cj,^,^(/)]     (23) 

Where A, was arb.trar,ly chosen as 0., sec A plot of a. desorption rate computed using 

equation (23), D,, versus time for a NH, pressure of 2.95 x ,0^' ton is shown in F.gure 

tenninated.  The Ga desotption ra.e mitially increases rapidly and reaches a s.eady state 

wthin 3  sec.    After the Oa tlux .s tenn.na.ed. the Oa desotptton flux decreases 

exponentially to zero in 3 see   Th^r^ o^^ ^ 
sec.  There are hvo components to the desorption process one 

from .he surface riding Ga and .he o.her from the crystal w,th activation energtes of 0 2 

eV and 2.54 eV (.solated adatom), respectively Th.s behavor ,s m qual.tative agreement 

with the results of Jenny etal.m and Held et al   nin     .■•   ■ t J ana Meld et al.. [1]. Quantitative comparison is not 

possible due to .he arbtoary uni.s of the experimental data. 

G<^ growth usmg NH, involves competition bCween m, pyrCys.s and Ga 

reevaporation, wh,ch are bo.h .hermally ac.iva,ed. For evety se. of Ga flux andP„ , 

there is an optimum temperatttre for maximum Ga incorporation. This value of maximl 

mcotporation rate for ammonia reaction  limited case, depending on the growth 
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conditions. For a given growth temperature and Ga flux, the Ga incorporation rate 

saturates beyond a particular NH^ pressure. Ga reevaporation has two components, one 

from the PM layer and the other from the surface of the crystal. 

Additionally, it is clear from the discussion related Figure 4 there is an additional 

competition between the species occupying the PM layer, i.e. Ga and NH^. Thus 

competition decides the proportion of each species in the layer, which, in term, decides 

the dynamics of growth and growth rate. 

For the growth conditions studied, the practical lower limit for ammonia 

decomposition appears to be 973 K. In general, the ammonia reaction rate increases with 

temperature as it is thermally activated. The ammonia decomposition can change with 

subsfrate, polarity, and growth condition, even though in this study, the influence of 

substrate type, orientation and polarity are not studied. The surface polarity will influence 

the growth kinetics, but in our model, this influence gets embedded indirectly in the fitted 

model parameters. 

2.2. Modified Rate Equation Model for Growtli of GfliV using ECR 

Plasma 

The operation of an ECR source is extremely complex and characterized by a 

strong coupling of various physical and chemical phenomena: power coupling, magnetic 

field-microwave interaction, plasma generation, plasma heating, rarefied gas flow, 

generation and transport of active species, and interaction of various species with walls 

and wafers. Thus, kinetic models such as particle in cell techniques to study the physics 

of plasma sources are extremely complex. Recently, simple zero-dimensional models 
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have been used to analyze high-density plasma used in processing appHcations [4,5]. hi 

this chapter, a brief discussion of the zero-dimensional model of Meyyappan et. al.. [4,5] 

for ECR plasma simulation is presented. The parameters required for the model and 

results of the ECR simulation program, SAMPR [4,5] are also discussed. Finally, the 

results from the SAMPR are used in our MBE growth model. 

A zero-dimensional model simply consists of balance equations for total mass, mass 

of various neutral and ionic species, and gas energy along with a plasma power (energy) 

balance equation. A Mass balance is considered for each of the neutral and ionic species 

in the plasma and accounts for changes due to flow balance due to flow, creation, and 

annihilation reactions. Li addition to mass balance, power balance is also considered. 

The possible nitrogen species considered are Nl,N2,N...etc. The simplicity of 

the approach does not permit investigation of microwave magnetic field interaction and 

related details; rather, the ECR power is just a lumped input parameter. The model 

provides volume-averaged densities of all species, gas, and electron temperatures. 

Obviously, no information on plasma uniformity or spatial profiles can be obtained from 

such a global model. 

Electron impact, rotational, vibrational, and electronic excitation of N , 

ionization, dissociative ionization, and dissociation are included in this model. Neutral- 

neutral collisions have been ignored since the operating pressure in ECR devices is in the 

millitorr range. The wall collision of ions is assumed to liberate the corresponding neutral 

with a sticking probability of unity. The sticking coefficient for N atom recombmation 

with stainless steel walls is taken to be 0.1. 
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ECR parameters similar to the ones used for experimental ECR-MBE growth 

[6] are employed for thus smdy. ECR plasma results from a systematic parametric 

study are presented to illustrate the effects of varying pressure, power, flow rate, and 

reactor dimensions. The operation range of ECR plasma parameters in summarized in 

Table 11. The reactor dimensions correspond to a compact ECR source appropriate to 

fit onto a flange leading to the MBE growth chamber. It is assumed that the pressure 

and flow rate can be independently fixed at desirable values by adjusting the pumping 

speed. Note that the pressure is likely to vary along the length of the reactor under low 

pressure conditions ( < SmTorr), since the pressure drop required to push the 

required mass flow through the system may be large. Such a variation cannot be 

accounted for in the present analysis. 

The active N volume density versus ECR power (W) and N^ flow rate (seem) is 

shown in Figure 9. The active nitrogen N density increases with both power and N^^ flow 

rate as expected. The flux of nitrogen atoms J^ is obtained by using the following 

equation: 

N  ~ J total-mass-flow nitrogen-mass-fraction      " 0^'^ sour-cross-section "^^ molecular-weight \A^) 

where X„,,,_„^,_^„„ is the total mass flow, F„.,„^^„_„^„_^^„^,.^„ is the nitrogen atom mass, 

JVQ is the Avagodro number, 5^„„,_,,„,_,ecrfo, is the source cross sectional area and 

M„otecuiar-weight IS thc molccular weight. 

A plot of flux of active N versus ECR power (W) and flow rate of N^ (seem) is 

shown in Figure 10, The active N flux increases with both ECR power (W) and iV, flow 
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rate (seem), Sinee the flux is directly proportional to the density, whieh increases with 

both ECR, power and iVj Ao'^ ^te as shown in Figure 9. 

The Rate Equation Model for growth of GaN using Ammonia is adopted directly 

for growth with ECR plasma. All of concepts, definitions, equations and parameters, 

physics and mathematics are the same. But the flux of N in the simulation program 

should replace that of Mf3. For ECR plasma, the fluxes of active nitrogen N can be 

obtained from ECR plasma source computer program SAMPR. Additionally, the PM 

layer equation, i.e, equation (10) should be replaced with a similar equation for active N. 

The net electron concentration can be calculated using the following equation: 

nelecron-concemralion = ^"caN I] ^^N («) " Qa (« + !)]/« (23) 

where n^^f, (-lO^^cm^^) is a concentration of GaN at room temperature, C^(n) and 

Q^(« + l) are the «'* layer coverage of iV and (n + 1)* layer of Ga, respectively, where 

n is constant. The reason for the 3 in equation (23) is that every Ga vacancy provides 3 

electrons in crystal. 

Plots of net electron concentration versus microwave power (W) for various flow 

rates are shown in Figures 11-13, respectively, for 973K, 1023K and 1073K along with 

the experimental results of Molnar et. al.. [6]. The experimental results of Molnar et. al.. 

[6] agree qualitatively with our results, but not quantitatively. With increasing ECR 

power, the active N flux increases and hence a decrease in the bulk N vacancies and the 

electron concentration.   The dependence on the N2 flow rate is very weak with higher 
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flow rate resulting in higher concentration. This is due to higher growth rate and hence 

less time for migration of both Ga and N at higher flow rate, which results in a greater Ga 

vacancy concentration. Figures 14-15 represents the N vacancy concentration versus 

temperature (K) and ECR power (W) for a different flow rate in a 3-D surface plot. The 

reason for poor quantitative agreement between the experiments with our results is as 

follows. Secondary ion msss spectrometry (SMS) analysis of GaN films show that the 

concentration of Si, C, and O exhibit an experimental dependence as shown in Figure 17 

[6]. Unfortunately, our ECR plasma model (SAMPR) does not capture this effect and our 

model does not allow for impurity incorporation. Films grown at high microwave power 

may have compensating centers due to impurities such as C. O, Si etc. Thus, our results 

cannot quantitatively agree with the experimental results of Molnar et. al.. [6]. 

Three-dimensions surface plots of growth rate (jum/hr) versus temperature (K) 

and ECR power (W) are shown in Figures 18-20, respectively, for flow rates of 3, 6, and 

9 seem. The general trend is the same in all three eases. The growth rate (below 1073 K) 

increases with temperature due to faster incorporation of active N, which is thermally 

activated. Beyond a critical temperature (large 1073 K), the growth rate decreases slighfly 

due to evaporation of Ga directly from the crystal surface and from the floating Ga layer. 

This observation is confirmed by the there-dimensions surface plots of floating Ga (PM 

layer) against temperature and ECR power as shown in Figures 21-23, respectively, for 

flow rates 3 seem, 6 seem and 9 seem. The growth rate is constant with ECR power as the 

growth condition already into iVrich condition even with the lowest ECR power 18 W. 
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2.3. In segregration in InGaN 

The model parameters employed for the simulation are reported in Table HI. The 

growth conditions for the simulations were obtained from Averbeck et.al. [7]. The 

simulations were performed for two different nitrogen fluxes - 4Jnm/mm and 12 nm/min 

and for the various temperatures in the range of 500-700 "C. The In content versus 

temperature plot shown in Figure 24 is obtained for the JoJh ratio of 0.5 for various 

hJJoa ratios in the range of 0.33-3,0. The behavior of the plots is in qualitative agreement 

with the plots in Figure l.a of Ref [7]. It is found that for a given set of fluxes, below 580 

°C, the fraction of In incorporated in to the layer closely follows the ratio of In flux to the 

total flux, i.e., JjJJtotai, and the percentage of Indium content in the layer is constant. 

Above 580 "C, the segregation phenomenon begins to dommate the kinetics due to 

increased thermal energy and hence, In content decreases with increasing temperature. 

Above 640 "C, only a trace of In is found in the growing layer. The active segregation 

energy of In is found from our simulation to be 2.9 eF, which is in close agreement with 

the segregation energy given in Ref [7]. 

The InN loss as a fimction of temperature for various flux conditions is shown in 

Figure 24. The InN loss rate here is computed as the difference between the In flux and 

the incorporation rate of/« and hence, includes both the loss of In due to segregation and 

the non-availability of N site. The simulations results show that for Group III rich 

conditions, the incorporation of hidium is limited by the nifrogen flux independent of the 

temperature. For iV-rich growth conditions, at temperatures below 580 "C, the InN loss 

rate is insignificant as there is negligible segregation of/« atoms due to lack of thermal 
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energy necessary for overcoming the segregation barrier. Above 640 T, the loss rate 

attains a max.mum value of the /. flux, J,.. The results of Figure 24 and Figure 25 are 

consistent. 

Plots of percentage of Ga content in the layer as a functron of temperature for 

vanous fluxes are shown m F.gure 26. At lower temperatures the incorporafon of Ga 

govenred by the ratio of J.„/W At temperate above 640 'C the Ga content .s 100%. 

as all /„ segregates to the surface.  Thus, the results of Figure 24 and Figure 25 are i„" 

consistent with that of Figure 26. 

Plots of growth rate versus temperature are shown in Figure 27 for various flux 

eonditions. For J^4.7 „./.,„ and ,,. / J,rf.2, J,. + J,„ = 9.9 nm,n.in., the growth rate 

was observed to be 3.2 n^fmin at low temperatures and drops down to 1.6 „./„,■„ at high 

temperatures. For J^= 4.7nm/min mdhjJr =1 I  1, + 1    ~AQ     /  ■    , ^Jin' JGa 1.1, j/„ + jg^ - 4.9nm/mm, the growth rate 

IS 2.5 nm/min at low temperatures and de lecre 

low temperatures, In contributes to th 

ases to l.enm/min. for high temperatures. At 

e growth rate in accordance to the flux ratio of/« to 

Ga.    At high temperatures. In segregates and hence th 

irrespective of the ratio of/« and Ga fl 

e growth rate stays constant, 

ux. 

2.4. Mg Segregation in Mg doped GaN 

The initial growth condition, 
s are obtained from Myoung et. al. [6]. The flux of 

nitrogen and flux ratios as given in [6] were 8.3x10'"ato, ms/cm.^s.. 0.13 and 

~ 2 respectively. So the simulations 
are run for different temperatures in the 
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range of 600-700 "C and at a particular flux rates of Mg,  Ga and N, such as 

S.SxW^atomslcm^s, l.lxW^atomslcrn^s and %3-x.W*atomslcm^s respectively. 

Plot of Mg dopant concentration versus layer number at 600 °C for various growth 

times are shown in Figure 28. For this plot, only layers that are foil (i.e., Q + Qa = 1) 

after a particular time are considered. The temperature was kept constant at 600 ^C. Plots 

were obtained for various time periods of growth in seconds. The peak value in each plot 

denotes the maximum surface concentration at that particular layer at a particular time. 

The values to the left of the peak point represent the bulk concentration and to the right 

represent the surface concentration, hiitially Mg concentration at the surface close to the 

substrate is high and as the epilayers grow the surface concentration of the growing 

epilayer increases, Mg concentration at the surface close to the substrate decreases, which 

shows that there is a segregation of Mg from layer to layer. 

Plot of Mg concentration versus layer number at 680 "C for various growth times is 

shown in Figure 29. Comparing Figures 26 and 27, it is observed that as the temperature 

increases, more and more Mg segregates to the surface and hence the bulk Mg 

concentration decrease with increase in temperature. This is in close agreement with the 

experimental results in Ref [6]. 

Due to computational limitations, it is not possible to simulate growth of films of 

thickness V2 fm. Thus an extrapolated scheme was adopted which is described below. 

A cubic curve fitting is obtained for a plot of particular temperature in order to 

obtain the maximum Mg concentration at various time periods of growth. Using the 

maximum Mg concentration obtained for various times, the constants a, b and c for the 

extrapolated equation 
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yn^it) = 4^~e''")+c (24) 

were obtained. Using equation (24), j;„„ (r) values were obtained for r = 5 minutes. The 

constants for the extrapolated maximum Mg surface concentration at various 

temperatures are listed in Table IV. 

The extrapolated plot of maximum Mg surface concentration versus time is shown in 

Figure 30. The surface concentration increases with time and reaches a constant value, 

which implies that Mg segregates to the surface and saturates at a particular 

concentration. The result is in close agreement with Figure La in Ref [7]. The 

extrapolated Mg surface concentration versus thickness of the crystal from the substrate, 

for various growth temperatures, is shown in Figure 31. The surface concentration 

increases from the substrate and reaches a maximum at the surface of the crystal. Also the 

saturated Mg concenfration increases with temperature and attains a peak value at 680 "C. 

Above 680 "C, the saturation value starts to decrease. 

A plot of minimum and maximum Mg concentration versus temperature is shown in 

Figure 32. The minimum concenfration implies the bulk Mg concenfration and the 

maximum concenfration implies the surface concenfration. The bulk Mg concenfration is 

obtained from the plots of dopant concenfration versus layer number for various 

temperatures as shown in Figure 28 and 29. The point at which the plots start for various 

time periods is taken as the minimum bulk Mg concenfration. At low temperatures the 

thermally activated segregation energy that aids in layer-to-layer segregation is not 

dominant. But as the temperature increases, segregation also increases.   The surface 

concenfration of Mg is a maximum at 680 "C.  Results of Figure 32 are consistent with 

that of Figure 31. 
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When the temperature is raised above 750 "C there is a dip in the Mg concentration 

near the surface layer as shown in Figure 33. This region is called as dopant depleted 

zone. The rate of these migration from one layer to the other depends on the availability 

of Mg in the layers that are exposed to the vapor and the available sites in the layer to 

which the atoms migrate. For example, considering the n"' layer, the ratio of atoms 

migrating to the n"' layer to the atoms moving out of this layer is small, i.e. the rate of 

migration from the subsurface to the surface layer is larger than the rate of migration of 

atoms to the surface from the bottom layer. This gives rise to the deficiency of Mg atoms 

near the surface layer. The dip shown in 33 is in excellent agreement with the plots in 

Ref [5, 6, 56]. 

3. CONCLUSIONS 

A rate equation approach is employed to investigate the MBE growth of GaN using 

ammonia and ECR N plasma, A surface riding material layer of Ga/hi/Mg and NH^ 

along with the associated dynamics, incorporation of Ga and N in to the crystal and 

desorption are included in the model. Rates of all surface processes are assumed 

Arrhenius type. The simulated Ga incorporation rate as a function of ammonia pressure 

and substrate temperature is in excellent agreement with the experimental data [1]. Ga 

incorporation rate increases with increasing NH^ overpressure and saturates at a 

maximum value at a large NH, overpressure. It clearly shows that the P^„^ separates the 

growth regime into two areas: the Ga-limited and the Mf3-limited. It is found that the Ga 

incorporation rate is linear in the M/3-limited and the excess Ga rides on the surface and 
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reevaporates from the PM layer and the crystal surface. The Ga incorporation rate 

exhibits a peak at 1093 K due to competition between thermally activated pyrolysis of 

Mfj and reevaporation of Ga from the surface. The growth regime is split into two parts 

in the Ga incorporation rate versus Ga flux rate behavior separated by at the peak 

incorporation rate: Ga-limited and M/j-limited. There are some differences between the 

simulation results and the experimental results. The reason for our observation is that the 

Mfj proportion in the PM layer decreases and results in the GaN growth rate decreases. 

The simulated Ga desorption parameter versus time is also in good agreement with the 

experimental data of Jenny et. al, [2]. 

The rate equation model was extended to ECR plasma MBE growth with 

necessary modifications. The growth conditions were kept identical to that used in the 

experiments of Ref [6]. The effect of the microwave power of the ECR plasma on the 

electron concentration was studied. The plots of the net electron concentration versus 

power (W) for various flow rates show that with increasing ECR power, the active N flux 

increases and hence the bulk N vacancies and the electron concentration decreases. It was 

found that the dependence of the election concentration on the Nj^ flow rate is very weak 

that is due to the fact that the simulation growth conditions are in a high nitrogen regime. 

We investigated the influence of impurities in the GaN film growth at high microwave 

power. Plots of growth rate versus temperature and ECR power for various flow rates 

show the same general trend. The growth rate below 1073 K increases with temperature 

due to evaporation of Ga directly from the floating Ga layer and from the crystal surface. 

Under the N-rich condition, the growth rate is constant with ECR power. 
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The growth of InGaN and Mg-GaNby Molecular Beam Epitaxy is investigated 

with the rate equation model. The dependences of growth kinetics and In/Mg content on 

the temperature and flux conditions are analyzed using the simulation of the model. In the 

InGaN ffowth it is observed that the segregation phenomenon plays a major role in the 

surface kinetics and hence the In content of the grown layers. In segregation is found to 

be negligible below 580 "C. Above 640 "C, the segregation dominates the kinetics. This 

temperature dependence is found to be independent of the fluxes. In Mg-<?aiV growth, the 

phenomenon of segregation is justified with the simulation resuhs and is in excellent 

agreement with the experimental results. The segregation of Mg is found to be dependant 

on the growth temperature. A dopant-depleted zone near the surface is observed during 

the growth at higher temperature. The observation is in qualitative agreement with the 

experimental data. 
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Table I. Fitted model parameters such as energies, time constants 
and frequency factors and their dependences for GaiV growth. 

Symbol Description Model Value 

T^ojn pretactor for physisorbed Ga incorporation 1.6x105 

^o,te' prefactor for physisorbed N incorporation 2.8 x 10'" j 

TQ^ prefactor for physisorbed Ga evaporation 1 OOO.Oj 

^o,i' prefactor for physisorbed N evaporation 3.5 x 10"' j 

^0' " frequency factor for Ga for diffusion 2.4 x 10* / j 
,rf,iV 

-^0' frequency factor for N for diffusion 4.38 x lO' / j 
fGa 

-ff/n" activation energy for incorporation of Ga O.OeF 

-£,„ activation energy for incorporation of N l.SeV 

^Ga-Ga 2nd ucighbor atom-atom pair interaction energy for Ga 0,174e V 

Eff-N 2 neighbor atom-atom pair interaction energy for N 0,190e F 

^Ga-N neighbor atom-atom pair interaction energy for Ga-N 0,92eF 

^djso activation energy for diffusion for isolated Ga, atom 1.2e V 

Ed,iso activation energy for diffusion for isolated N atom 1.2e V 

E^ activation energy for the Ga evaporation 0.18 + 0.06C|f *eF 

E^y activation energy for the N evaporation 0,18 + 0.06C£*^**e F 

* C"!/ - Ga coverage in the physisorbed layer 

* *C|'^ - iV coverage in the physisorbed layer 
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Table II, Operation range of ECR plasma parameters 

Source radius r 1.27 cm 

Source length  L 10.00 cm 

Nitrogen pressure 4.00 mtorr 

ECR plasma power 18-25 W 

N^ flow rate 3-9 seem 
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Table m. Parameters, their symbols and values used in the simulation, ^represents In in 
InGaN and Mg in Mg-GaN 

Symbol 

Ex-. X-X 

Parameter Name 
"nT 
2   neighbor atom-atom pair interaction 

energy for X cations. 

'■'Ga-Ga 

"-'N-N 

Eoa -X 

TT 
2   neighbor atom-atom pair interaction 

energy for Ga 

InGaN ieV) 

0,08 

2" neighbor atom-atom pair interaction 
energy for ^ 

Ei Ga-N 

Ev. •X-N 

Edi. 'dJso,Ga 

^d,iso,N 

1* neighbor atom-atom pair interaction 
energy for Ga-X 
1^ neighbor atom-atom pair interaction 
energy for Ga-N 

0.08 

0.08 

0.08 

1^ neighbor atom-atom pair interaction 
energy for X-iV^ 

2.0 

Activation energy for diffusion for 
isolated Ga atom 

^-'d,iso,X 

^e,iso,Ga 

J^f? I e.iso.N 

F 

Activation energy for diffusion for 
isolated iV^ atom 
Activation energy for diffusion for 
isolated X cation atom 
Activation energy for evaporation for 
isolated Ga atom 
Activation energy for evaporation for 
isolated iV atom 

e,iso,X 

"^ev.Ga 

■^ev,N 

^-'ev.X 

Activation energy for evaporation for 
isolated Xcation atom 
Activation energy for the physisorbed 
Ga evaporation 
Activation energy for the physisorbed N 
evaporation 

^m,Ga 

Em,N 

'■'in.X 

Activation energy for the physisorbed X 
cation evaporation 
Activation energy for the Ga 
incorporation 
Activation energy for the N 
incorporation 

^seg, X 

Activation energy for Z cation 
incorporation  
Activation energy for X cation 
segregation 
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Table IV. Constants for the extrapolated maximum Mg concentration y^^ (t) at various 
temperatures. 

Temperature f Q 
600 
625 
650 
675 
680 
700 
725 

-2.2e-Q4 
-8.9e-05 
-1.5e-03 
-2.6e-04 
-3.1e-04 
-1.2e-03 
9.3e-05 

4.6e-04 
4.8e-04 
2.0e-03 
8.4e-04 
9.0e-04 
1.7e-03 
2.3e-04 

0.0336 
0.0223 
0.0511 
0.0288 
0.0288 
0.0511 
0.0105 
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Figure 1. A schematic picture of the surface processes in MBE growth of InGaN 
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Figure 2. A schematic picture of the surface processes in MBE growth of Mg-GaN 
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Figures. Simulation results of Ga incorporation coefficient versus Mfj pressure along 

the experimental results of Held et. al.. [1]. 
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Figure  4.      Simulation  results  of   Ga   incorporation  coefficient  versus   substrate 

temperature along the experimental results of Held et. al. [1]. 
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Figure 5.   Simulation results of Ga incorporation coefficient versus Ga flux along the 

experimental results of Held et. al„ [1]. 
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Figure 6. Simulation results of floating iW, and floating Ga versus Gaflux. 
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Figure 7. Simulation results of Ga incorporation coefficient versus substrate 

temperature for several Ga/NH, flux ratios along the experimental results of Held et. 

al. [1]. 
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mo 

Figure 8. Simulation results of Ga desorption rate versus time for the growth conditions 

of Jenny et. al.. [2]. 
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26 

Figure 9.   The dependence of atomic N concentration (atoms/cm^) on ECR   power 

(W) and N2 flow rate (seem) at a temperature of 573 K . 
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Figure 10. The dependence of atomic N flux (atomsf sec) on ECR power (W) and  N 

flow rate (seem) at a temperature of 573 K. 
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Figure 11. The variation of net electron concentration with the microwave power (W) at 

973 K for various flow rates along with the experimental data [6]. 
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Figure 12, The variation of net electron concentration with the microwave power (W) at 

1023 K for various flow rates along with the experimental data [6]. 
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Figure 13. The variation of net electron concentration with the microwave power (W) at 

1073 K for various flow rates along with the experimental data [6]. 
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Figure 14.    3-D surface plot of N vacancy concentration (/cm^) versus temperature 

(K) and ECR power (W) for a flow rate of 3 seem. 
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Figure 15.    3-D surface plot of N vacancy concentration (/cm^) versus temperature 

(K) and ECR power (W) for a flow rate of 6 seem. 
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Figure 16.    3-D surface plot of N vacancy concentration (/cm^) versus temperature 

(K) and ECR power (W) for a flow rate of 9 seem. 
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Figure 17. Experimental SIMS impurity levels versus microwave power [6]. 
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Figure 18.   3-D plot of GaN growth rate versus temperature (K) and ECR power (W) 

for a flow rate 3 J'CCOT , 
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Figure 19.   3-D plot of GaN growth rate versus temperature (K) and ECR power {W) 

for a flow rate 6 seem. 
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%cv^' 

Figure 20.   3-D plot of GaN growth rate versus temperature (K) and ECR power (W) 

for a flow rate 9 jcc/w. 
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^  0.015, 

Figure 21.  3-D plot of floating layer of Ga coverage versus temperature (K) and ECR 

power (W) for the case of growth represented in Figure 26. 



%c%' 

Figure 22.  3-D plot of floating layer of Ga coverage versus temperature (K) and ECR 

power (W) for the case of growth represented in Figure 27. 
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Figure 23.  3-D plot of floating layer of Ga coverage versus temperature (K) and ECR 

power (W) for the case of growth represented in Figure 28. 
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Figure 24. Plots of Indium content in percentage versus the substrate temperature for the 

nitrogen fluxes of 4.7 nm/min and 12 nm/min, and various ratios of In and Ga fluxes. 
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Figure 25, Plots of/«iV loss rate versus temperature for the nitrogen fluxes of 4.7 nm/min 

and 12 nm/min, and various ratios of/n and Ga fluxes. 
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Figure 26. Plots of Ga content in percentage versus substrate temperature for the nitrogen 

fluxes of 4.7 nm/min and 12 ww/mw, and various ratios of/« and Ga fli luxes. 
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Figure 27. Plots of growth rate versus substrate temperature for the nitrogen fluxes of 4.7 

nm/min and 12 nm/min, and various ratios of In and Ga fluxes. 
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Figure 28. Plot of dopant Mg concentration as a function of number of foil layers at 600 

°C for various growth times. 
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Figure 29. Plot of Mg concentration as a function of number of full layers at 680 °C for 

various growth times. 
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Figure 30. The extrapolated data of the Mg surface concentration for increased duration 

of growth 
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Figure 31. The extrapolated data of Mg concentration as a function of layer thickness 
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Figure 33. Mg concentration versus, layer number at 750 °C. Note the dopant-depleted 

zone for longer growth times. 
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5. OTHER PROJECT INFORMATION 

5.1 Current Effort Underway 

Currently, we are investigating/« segregration in InGaNMSE growth and its 

dependence on growth condition. The current research assistant will continue the work 

and complete her M.S. thesis by December 2002. An undergraduate student will be 

recruited to work till the end of the project. 

5.2 Personnel Supported 

Name Category Period 

Rama Venkat Professor and P.I. 3/15/99-3/14/03 

Golshan Colayni Graduate Student 6/1/99-8/31/99 

Wenning Fu Graduate Student 6/1/99-12/31/00 

Irena Stanley Graduate Student 8/1/01-2/28/03 

Bharathreddy Pemmireddy Graduate Student 8/1/02-12/31/02 

Richard Schofield Undergraduate Student 1/1/00-5/26/00 

Nathan Sipe Undergraduate Student 5/18/01-12/31/01 

5.3 Publications 

Presentations 

1) Golshan Coleyni and Rama Venkat, "MBE growth modeling of In desorption in 

InGaAs/GaAs Compound Semiconductor" presented in ACCGE 11, Tucson, AZ, 

August, 1999. 

2) Wenning Fu and Rama Venkat, "Theoretical Study ofGaN Growth Using 

Ammonia", presented at 18* North American MBE Conference, Banff, 1999. 

3) Wenning Fu and Rama Venkat, "Theoretical Study ofGaN Growth Using ECR 

Plasma ", presented at 19* North American MBE Conference, Tempe, AZ, 2000. 

4) Irena Stanley, Golshan Coleyni, and Rama Venkat, "Theoretical Study of In 

surface kinetics during MBE Growth oflnGaAs and InGaN" presented as a poster 
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at the Xm International Molecular Beam Epitaxy Conference, San Francisco, CA, 

September, 2002, 

5) Golshan Coleyni and Rama Venkat, "MBE growth modeling of In desorption in 

InGaAs/GoAs Compound Semiconductor" presented in ACCGE 14, Seattle, WA, 

August, 2002. 

6) Irena Stanley and Rama Venkat, "Mg Segregation in Mg-GaN MBE- A Simulation 

Investigation ", submitted to NAMBE 2003, Boulder, CO, 2003. 

Master of Science Theses 

1) Golshan Coleiny, "Theoretical Investigation of MBE Growth oflnGaAs 

Semiconductor Compound on GaAs Substrate", 1999. 

2) Wenning Fu, "Modeling of GaN Molecular Beam Epitaxy Growth ", 2000. 

3) Irena Stanley, "Theoretical Study of Segregation Kinetics of In in InGaN and Mg 
in Mg-GaN Grown by Molecular Beam Epitaxy ", 2003. 

Journal Articles 
1) Golshan Coleiny and Rama Venkat, "MBE growth modeling of In desorption in 

InGaAs/GaAs Compound Semiconductor" J. Crys. Growth, vol.211, (2000), p21. 

2) Wenning Fu and Rama Venkat, "Theoretical Study of GaN Growth Using 

Ammonia". J. Vac. Sci. Technol, vol. B18, (2000), pl467. 

3) Wenning Fu and Rama Venkat, "Theoretical Study of GaN Growth Using ECR 

Plasma". J. Vac. Sci. Technol, vol. B19, (2001), pl803. 

4) Nathan Sipe, Rama Venkat, "GaN Growth by Plasma Assisted MBE in the 

Presence of Low Mg Flux" MRS Internet Journal of Nitrides, vol.7, 2001. 

5) h-ena Stanley, Golshan Coleiny, and Rama Venkat, "Theoretical Study of In 

surface kinetics during MBE Growth oflnGaAs and InGaN".i. Crys. Growth, vol. 

251, (2003), p23. 
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6) Golshan Coleyni and Rama Venkat, "MBE growth modeling of In desorption in 

InGaAs/GaAs Compound Semiconductor", J. Crys. Growth, vol. 250, (2003), 

p22. 

5.4 Interactions 

Our success in this area has been limited, even though we tried our best to work with Dr. 

Mishra's group at UCSB and Dr. Morkoc's group at VCU. 

5.5 New Discoveries, Inventions, and Patents 

Most of the discoveries have been theoretical ones.  They were presented in the journal 

articles, conference presentations and this report. 

5.6 Honors and Awards 

None. 
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