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We present a Maxwell-Boltzmann electron energy distribution based model for the incorporation

rate of nitrogen into GaInNAs grown by molecular beam epitaxy (MBE) using a radio frequency

plasma source. Nitrogen concentration is predicted as a function of radio-frequency system primary

resistance, N flow, and RF power, and group III growth rate. The semi-empirical model is shown

to be repeatable with a maximum error of 6%. The model was validated for two different MBE

systems by growing GaInNAs on GaAs(100) with variable nitrogen composition of 0%–6%.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903318]

I. INTRODUCTION

Plasma-assisted molecular beam epitaxy (PAMBE) is an

attractive technique for growing III-N-V alloys1 and has been

used for demonstrating a wide range of heterostructures. In par-

ticular, the MBE growth has led to state-of-the-art demonstra-

tions of GaInNAs(Sb)-based lasers2,3 and 1 eV GaInNAs(Sb)

solar cells.4,5 However, the N incorporation processes using

radio-frequency (RF) N plasma source requires a thorough opti-

mization of the growth conditions and understanding of the N

incorporation processes.1,5 First of all, the growth parameters

and plasma settings do not translate to a simple linear relation

for the incorporation rate of N. Also, the N-ions generated by

the plasma source can easily lead to poor epitaxial quality of

the semiconductor wafer,6–8 which leads to a dependence of the

epitaxial quality on the selected N flow and RF power,9–11

largely due to variations of the N ion fluxes and energies.12 By

optimizing the plasma parameters for a given N composition,

the effect of the N-ions can be minimized. Thus, a useful model

predicting the N composition as a function of plasma parame-

ters could result in significantly faster calibration and optimiza-

tion of GaInNAs growth. The predictive model could also be

used for growth of complicated structures with different N com-

positions in the same growth run. So far, some incorporation

models for MBE have been presented,13–15 but they are not

practical on a daily basis, since they do not predict the dissocia-

tion efficiency of N as a function of the RF power (PRF). In this

paper, we introduce a Maxwell-Boltzmann electron energy dis-

tribution based rate equation predicting the N composition as a

function of PAMBE parameters, namely, the N flow and RF

power, and group III growth rate.

II. THEORY AND MODEL

In an RF plasma source, the N2 molecules are bom-

barded with RF powered electrons; the RF oscillation mainly

energizes the electrons and leaves the ions unperturbed due

to a large mass to charge ratio. The electron oscillation inten-

sity is increased when the RF power is increased leading

eventually to excitation, dissociation, and ionization of N

species.16 RF plasma activated N incorporates to the crystal

mainly in the form of atomic N,17 but also the other plasma

activated N species contribute to the growth.6 In general, the

N RF plasma consists of electrons and the following N spe-

cies (ordered descending in terms of their amount): neutral

molecules (N2), excited molecule radicals, neutral atoms,

molecular ions, and atomic ions, with formation energies

�6–8, 9.7, 15.8, and 14.5 eV, respectively.6 To establish a

model for the incorporation of N, we first need to estimate

the electron energy distribution and the average energy of

the electrons in nitrogen plasma. The electrons are approxi-

mated to be nearly free and to move in a loop trajectory con-

fined into a symmetric volume VL with a loop cross-section

area AL and a loop length LL. The plasma electrons are con-

fined by a time variable magnetic field induced by a solenoid

coil of the plasma source and the strength of the field is de-

pendent on the intensity of the transmitted RF power (Pp).

The average free electron energy Ee can be expressed as

Ee ¼
ERF�plasma

neVL
¼ kTe; (1)

where ne is the free electron density, ERF-plasma is the time-

averaged total transmitted RF energy, Te is the average elec-

tron temperature, and k is the Boltzmann constant. If we

assume the plasma loop as a conductor, where the electrons

carry the current with mobility le, we can estimate ne from

the plasma resistance

Rp ¼
1

enele

LL

AL
: (2)

When ne is solved from Eq. (2) and inserted to Eq. (1), we

obtain

Ee ¼
ERFtot

1

Rpele

LL

AL
VL

¼

2Rp

ðT=2

0

Pp tð Þdt

1

ele

LL

AL
VL

¼

2RpPp

ðT=2

0

dt

1

ele

LL

AL
VL

¼ RpPp

1

ele

C Pp; Tð Þ
; (3)
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where we define C(Pp, T) as an effective electron confine-

ment factor dependent on Pp and RF oscillation period

(T). In the case of low pressure plasma, a collisionless

plasma approximation can be used and therefore the

energy distribution of electrons is assumed to follow a

Maxwell-Boltzmann distribution, otherwise electrons fol-

low a Druyvesteyn distribution.16,18 In our case, the pres-

sure of the plasma system is low and therefore it is

justified to use Maxwell-Boltzmann distribution for the

modelling.16 The dissociation rate Rd of the molecules

becomes16

Rd ¼ Nmd Teð Þ
8kTe

pme

� �1=2

e
�Ead
kTe : (4)

Then by using Eq. (3), we get

Rd ¼ Nmd Teð Þ
8eleRpPp

pmeC Ppð Þ

� �1=2

exp
�EadC Pp; Tð Þ

leRpPp

� �

¼ Nmd Teð Þ
8ele

pmeC Pp; Tð Þ

� �1=2

RpPpð Þ1=2

� exp
�EadC Pp; Tð Þ

eleRpPp

� �
; (5)

where d is the absorption cross section for inelastic electron

collision processes in N2, Nm is the density of nitrogen mole-

cules, and Ead is the activation energy for N2 dissociation.16

Nm can be solved from the ideal gas law

peqV ¼ NmkTN2 (6)

and the Knudsen equation19

dNN2

dt
¼ A peq� pð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Na

2pMN2
kTN2

s
�

Eq: 6ð ÞANmkTN2

V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Na

2pMN2
kTN2

s
;

(7)

where V is the plasma source volume, peq is the plasma

chamber equilibrium pressure, p is MBE system pressure,

and A is the plasma source aperture area; here, we assume

that

peq–p � peq:V ¼ n� Vm; (8)

where n is the concentration of N2 molecules in moles and

Vm is the molar volume (22.4 l/mol). By differentiating Eq.

(8) with respect to time, a relation between the molecular

flows F(sccm) and dN2

dt (1/s) is found

dV

dt
¼ Vm

dn

dt
¼ Vm

Na

dNN2

dt
¼ 1

60s=min
F (9)

resulting in

dNN2

dt
¼ F� Na

60s=min� Vm
; (10)

where Na is the Avogadro constant. Next, we combine Eqs.

(7) and (10) yielding

Nm ¼
F sccmð Þ � Na � V

60s=min� A� VmkTN2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Na

2pMN2
kTN2

r : (11)

From Eqs. (5) and (11), we obtain

Rd ¼
Fd Teð Þ � V

60s=min� A� Vm �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kTm

2pMN2
NA

r

� 8ele

pmeC

� �1=2

RpPPð Þ1=2 exp
�EadC

eleRpPP

� �
: (12)

Next, we need to link the Rp and Pp to the system primary re-

sistance (Rsp) and PRF. The changes in the Rp as a function

of PRF and F can be estimated from the primary circuit, and

the changes in the system primary resistance are directly

related to the power transferred to the plasma.20 Here, we

use the plasma transformer formalism for the estimation of

Rp.21 In this model, the primary coil has n turns and the

plasma itself can be modeled as a single turn coil. In an ideal

transformer, where the plasma loop is modeled with a single

loop coil, Rp is seen on the primary circuit as a transformed

resistance21

Rpt ¼ n2Rp: (13)

We therefore get

Rsp ¼ Rc þ n2Rp; (14)

where Rc is the resistance that simulates the RF matcher and

system losses. Pp can be also estimated from the system

resistances with the relation22

Pp ¼
n2Rp

Rsp
PRF ¼ ePRF; (15)

where e is the power transfer efficiency.

Rd ¼
Eq:15 Fd Teð Þ � V

60s=min� A� Vm �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kTm

2pMN2
NA

r 8ele

pmeC

� �1=2

� e2Rsp

n2
PRF

� �1=2

exp
�EadC

ele

e2Rsp

n2
PRF

0
@

1
A: (16)

Nitrogen incorporation is estimated by scaling Rd with a

geometrical factor G accounting for the reactor and plasma

source and the nitrogen sticking coefficient S� 1. S is a func-

tion of growth temperature,23,24 nitrogen composition,25 and

arsenic flux.15,26 Nitrogen incorporation is also inversely

proportional to the group III growth rate GRIII.
26 Finally, for

fitting with experimental data, Eq. (16) is simplified with pa-

rameters B and D, which are dependent on PRF and F.

Finally, we obtain an equation for the nitrogen composition

N %ð Þ ¼ SGRd

GRIII
¼ B

GRIII
F RspPRFð Þ1=2 exp

�EadD

RspPRF

� �
: (17)
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III. EXPERIMENTS

In order to verify the model, we grew a series of samples

with two MBE systems: Veeco GEN20 and VG Semicon

V80. Both systems were equipped with Veeco Sumo cells

for In and Ga, cracker for As and Veeco UNI-Bulb autotuned

RF (13.56 MHz) N plasma source. The plasma systems con-

tained a commercial automatic matcher unit with L-

topology. The matcher units are used for the compensation

of plasma and coil reactance ensuring maximum power

transfer from the RF power source to the plasma.

The GEN20 samples consisted of 200 nm thick

GaInNAs layers, which were grown on n-GaAs(100) wafers.

Before the epitaxial growth of GaInNAs, desorption of the

native oxides was performed at 620 �C followed by growth

of a GaAs buffer at 580 �C. The growth rate was 0.75 lm/h,

the beam equivalent pressure ratio of As and group III atoms

was 10, and the growth temperature setpoint was 440 �C.

The indium composition was calibrated to 8% by separately

grown GaInAs/GaAs superlattice samples. After calibration

of the In composition, multiple samples were grown with dif-

ferent N fluxes. The active N flux was varied by changing

both PRF and F. The PRF was varied between 150 and

350 W, while F was varied from 0.15 to 0.63 sccm. The N

plasma system primary resistance was estimated from the RF

power-voltage data with different powers and fluxes col-

lected from the GEN20 reactor.

The samples grown at the V80 MBE system were 3-

period GaAs/GaNAs superlattice structures composed of

20 nm GaNAs and 50 nm GaAs layers. The superlattices

were grown on semi-insulating or n-doped GaAs(100). The

growth rate was 0.5 lm/h and the growth temperature set-

point was 475 �C for the superlattice region. F was varied

from 0.05 to 0.25 sccm and PRF from 250 to 450 W. All the

samples were grown in a short period of time to minimize

fluctuations in the growth parameters.

X-Ray diffraction (XRD) spectra from (004) planes for

both sets of samples were measured with either Philips’

triple-axis or BEDE’s double crystal x-ray diffractometers.

The N compositions were obtained by fitting the measured

XRD data to rocking curves simulated by the BEDE RADS

software using dynamical diffraction theory. The N composi-

tion values were fitted to Eq. (17)27 using the Levenberg-

Marquardt algorithm. After the fitting, the model was tested

by growing three GaInNAs quantum well samples (QW)

with a nitrogen concentration of 1.2% with the GEN20 reac-

tor, while varying the plasma parameters to following values:

150 W and 0.45 sccm; 227 W and 0.17 sccm; 304 W and

0.15 sccm. The quality of QW samples and corresponding

emission wavelengths were compared by photoluminescence

(PL) measurements. A second test with the GEN20 reactor

was made for lattice matched bulk samples with 0%–6% N

composition. In these samples, the In composition was tuned

to 2.7 times the N composition ensuring lattice matching to

GaAs.

IV. RESULTS AND DISCUSSION

First the measured RF power-voltage-data for the

GEN20 reactor was analyzed; the data are summarized in

Fig. 1(a). The calculated primary resistances for different F

values are presented in Fig. 1(b). Primary resistance was

found to be a function of F and nearly independent of the

PRF. Therefore, for the incorporation model, a linear interpo-

lation for plasma resistance as a function of F was used as

shown in Fig. 1(b).

The nearly monotonic decrease of plasma system resist-

ance with F could be explained by the fact that every new

nitrogen molecule inserted to the system can free more elec-

trons to the plasma. Eventually, we expect that the resistance

would start to rise as a reduction of the electron mobility in

the plasma at higher flows.

The measured N compositions for the samples grown

with two MBE systems and the corresponding fitted curves

are presented in Fig. 2. The curves follow the N incorpora-

tion rate reported elsewhere.13,14,17 The incorporation shows

a linear growth at low F values followed by a saturation

region at high F. The fitted dependence also predicts that the

incorporation rate should start to decrease for the high flows.

This is actually seen for the samples grown with 150 W RF

power on Gen20 reactor. With our plasma systems, the de-

scending sides were not studied thoroughly due to plasma

instability in this parameter range, which often leads to

unwanted plasma shut-off. However, the decrease of the

FIG. 1. (a) Square of the RF plasma voltage as a function of the plasma RF

power. The linear behavior indicates that the plasma primary resistance

remains constant as a function of PRF, but depends on the nitrogen flow. (b)

Primary resistance as a function of N2-flow.
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incorporation rate at high flows has been reported elsewhere

in connection with the growth of GaN.17

Using the nominal F values for the V80 reactor, the

curves could not be fitted with the requirement that they start

from zero incorporation. Therefore, a constant offset of

þ0.10 sccm was added to the F values for the V80 reactor.

This offset could be caused by an inherent offset in the N

mass flow controller. For the GEN20, no offset was used.

The shape differences between the curves also arise from dif-

ferent N-source nozzles, Rc values, reactor geometries, and

configurations. Additionally, the V80 samples comprised of

GaAsN, which has been observed to deviate from Vegard’s

law at high N compositions (although we note that in this

study all but one GaAsN sample had N composition below

3% so a clear deviation is not expected25). The curves in

Fig. 2 have only 2.6% and 0.2% deviations from the meas-

ured values in average for GEN20 and V80 reactors,

respectively.

The fitting parameters B and EadD are plotted in Fig. 3

as a function of PRF. Rsp(F) for the V80 reactor was adopted

from the GEN20 reactor, they were not separately measured.

The fitting parameters are assumed to be independent of F.

In other words, the electrons are assumed to be free and only

the RF power can affect the average thermal energy of the

electrons. This assumption is well supported by the measured

system primary resistance. In order to clarify the power

dependencies of the B(PRF) and EadD(PRF) parameters, we

used exponential fitting functions. The functions are

BðPRFÞ ¼ aBexpðPRFtBÞ þ bB (18)

and

EadDðPRFÞ ¼ adexpðPRFtdÞ þ bd; (19)

where aB, ad, bB, bd, tB, and td are constants. For simplicity,

we use here unity power transfer efficiency and n¼ 1 for the

primary coil. Fitting parameters for the GEN20 and V80

reactors are presented in Table I and Fig. 3. The fitting pa-

rameters can be interpolated accurately by the exponential

functions described above. The B-parameter for both reactors

decreases monotonically as a function of power, which could

be linked to changes in the absorption cross section or to a

power dependent plasma chamber pressure. The shape dif-

ferences between the GEN20 and V80H curves may be

linked to different plasma source aperture nozzles. The

power dependence of EadD could be explained by changes in

the effective activation energy Ead or by the fact that the

plasma is tighter confined when the PRF is increased. The lat-

ter is considered the most probable reason. The fitting pa-

rameters also include the effect of the RF power and the N

flow on the power transfer efficiency, which can be signifi-

cantly lower at low plasma powers and low flows.20–22

To test the accuracy of the model, we used it to predict

the N composition in grown crystals. To this end, we grew

three QW samples with different combinations of PRF and F,

yet all aimed at having the same N composition. In the same

way, we forecasted the compositions of five lattice matched

FIG. 2. Measured nitrogen compositions and the fitted curves predicted by

the model for GEN20 (a) and V80 (b) reactors. The results were normalized

to 1 lm/h growth rate. The fitted lines are drawn as solid in the experimen-

tally tested range and as dashed lines on the range that was not tested in this

study.

FIG. 3. Fitting parameters B and EadD

as a function of the RF power.
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bulk samples with N composition form 1%–6% grown with

different plasma parameters. The results are presented in

Fig. 4, in which we can see that the QWs emit at precisely

the same emission wavelength. This is a clear indication that

all samples have same N composition despite the fact that

various combinations of plasma power and flow were used.

The slight differences in the peak intensities can be

explained by the differences in the ratio of atomic N and

N-ions produced.

For the bulk layers, the targeted N composition corre-

sponds very well to the values from XRD simulations, as

revealed in Fig. 5. The values seem to have a small cali-

bration related drift, which becomes smaller when the N

composition is increased. Nevertheless, all the samples

have a maximum deviation of 6% from the model, and the

average deviation is only 4%. The error is mainly system-

atic and can be easily corrected. After the correction, the

prediction would deviate only approximately 1% from the

measured values. This means that the N incorporation can

be estimated with the same precision as the group III fluxes

can be determined from ion gauge measurements.

Furthermore, the model has been used on a daily basis at

the GEN20 reactor for numerous samples; it has proved to

be a helpful tool for complex GaInNAsSb solar cell and

laser epitaxy.

V. CONCLUSION

We have derived a Maxwell-Boltzmann electron energy

distribution based equation for the incorporation rate of N

from a plasma source as a function of RF power, N flow, and

group III growth rate. The model was tested for GaInNAs

samples grown using Veeco GEN20 and VG Semicon V80H

reactors with Veeco UNI-bulb nitrogen RF plasma sources.

For both reactors, the model can be used with an absolute

deviation better than 6%. The model has also been reliable in

the long term use and has proved to be a versatile tool for

dilute nitride epitaxy. The model and the same calibration

sequence should be applicable to other nitride based

PAMBE systems and RF plasma sources.
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TABLE I. Fitting parameters for the GEN20 and V80 reactors.

Reactor aB (lm/h/sccm/V) tB(1/W) bB (lm/h/sccm/V) ad (V2) td (1/W) bd (V2)

GEN20 4.204 � 10�1 � 2.650 � 10�2 1.352 � 10�2 1.680 � 106 � 1.578 � 10�2 7.879 � 103

V80H 5.155 � 10�1 � 9.230 � 10�3 6.640 � 10�3 � 1.280 � 105 3.610 � 10�3 1.042 � 106

FIG. 4. PL from GaInNAs QW samples grown with different plasma param-

eters aimed at the same N composition.

FIG. 5. (a) Comparison of predicted and measured N composition for the

GaInNAs bulk samples. (b) Division of the target and measured composi-

tion. Results show that the model has 4% average error with 6% maximum

error.
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