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Chemistry and kinetics of the GaN formation by plasma nitridation of GaAs:
An in situ real-time ellipsometric study
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The chemistry and kinetics of the nitridation of Gaf00) surfaces by B N,-H,, and N-NHj radio-
frequency plasmas, in a remote configuration, are investigateitu and in real time using spectroscopic
ellipsometry. The effects of the surface temperature in the range 70—-700 °C and of the gas-phase chemistry on
both the nitridation kinetics and the composition of the resulting GaN layer are highlighted. Pptaskhas
yield stoichiometric and smooth GaN layers with As segregation at the GaN/GaAs interface. The As segrega-
tion inhibits GaAs nitridation, because the N atoms scavenge the free As, and thereby limits the GaN thickness
to a few angstroms. Thicker GaN layérs100 A) are obtained by MH, and N-NH; plasmas, since hydrogen
reduces the As segregation by the formation and desorption of gggties. For the three plasma mixtures, the
self-limiting nature of the GaAs nitridation process is revealed and explained using simple kinetic and chemical
models based on the fact that the GaAs nitridation can be considered tddpechemicalreaction. Also
demonstrated is the ineffectiveness of the nitridationT 2600 °C, which is accompanied by the GaAs
substrate decomposition and yields both a rough and Ga-rich GaN |[9@463-18208)01247-9

I. INTRODUCTION and morphology. Thus, the study of the nitridation chemistry
and kinetics assumes a noticeable importance and, in particu-
The renaissance in the IlI-V semiconductor field in thelar, questions arise about the fate of the As coming from the
last few years is in large part due to the reports of the firstinion exchange reaction of GaAs in an N atom environment.
blue light-emitting diodes LED’s from Nakamura and Here, it is important to underline that As atom diffusion has
co-workerst? However, despite this technological successa dominant role inf{111} planes facettiné? In order to ad-
that has led to the manufacture of blue lasers based on*GaNyress these issués situ, noninvasive, real-time monitoring
relatively little is known about the underlying mechanistic and characterization of surfaces undergoing nitridation using
chemistry of the processes involved in the epitaxial growthellipsometry are herein performed.
of GaN films, especially in the initial growth stage. This  This paper focuses on the chemistry and kinetics of the
situation can be summarized by a statement attributed tgijtridation processes involvind.00) GaAs surfaces exposed
Pearton and Kud:“devices appeared and now people aretp the downstream flow of N Ny-H,, and N-NH; radio-
trying to understand why they actually work.” It is to this frequency(rf) plasmas. Remote plasma sources of N atoms
latter objective that the present study of the growth of GaNgre receiving keen attention for the growth and processing of
films is aimed. GaN-based materials, since with the use of plasma process-
One main difficulty encountered in growing GaN-baseding low process temperatures with minimal surface damage
structures on GaAs substrates is the control of the structur@lan be achieved. The key feature of our approach is téruse
and chemical quality of the epitaxial GaN/GaAs substratssjty real-time single-wavelength ellipsometry for the kinetic
interface, because of the large lattice mismatch of 20% benvestigation of the nitridation process and spectroscopic el-
tween GaN and GaAs. Surface nitridation of the GaAsjipsometry (SE) for the study of surface morphology and
substrate prior to epitaxial growth has been found to have GaN layer chemistry. In addition, optical emission spectros-
a crucial influence on the Crystalline quality of the final GaN copy (OES and mass Spectromet(MS) are used to ﬁnger-
epilayersl.o‘l?’With respect to this, a Variety of results have print the gas_phase Chemistry; apd situ X-ray photoe|ec_
been reported on the effectiveness of the GaAs substrate ffon spectroscopyXPS) is used to analyze the chemical
tridation pretreatment for the subsequent GaN epigrowth. Agomposition of the GaN layers.
an example, GaAs nitridation can result in layers of cubic
GaN(B-GaN), hexagonal GaNa-GaN) or a mixture of both

phases depending on the nitridation procégsgermal or Il EXPERIMENT
plasma-activategP'1*214on the nitrogen source (N NH,,
hydrazine, and dimethylhydrazin¥:'**on the nitridation GaAs(100) substrates were nitrided in a remote rf plasma

time!! and also on the presence of an arsenic stabilizingnetal-organic chemical-vapor deposition system described in
flux.*® Moreover, Brandt and co-workérs'® reported that detail in Ref. 19.

the surface stoichiometry can be a crucial parameter control- A preliminary H, plasma cleaning was performed at a
ling the phase purity and, hence, the GaN growth kineticsample temperatufé= 230 °C undea H atom flux of about
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10?° atoms/cm sec for a complete oxide and contamination 2nd positive system 1st positive system
removal. This is an.important step, because it has been .dem— CSHU — 331-[9 B —» Al
onstrated in a previous stutfythat oxygen acts as a barrier 2600 g 9
for the GaAs nitridation. Cleaning was immediately followed 22 |

by GaAs nitridation experiments, which are grouped as fol- o9 @& N

lows. 180d
Nitridation performed using Nplasmas at a rf power of -
200 W, N, fluxes of 100 and 1000 SCCNBCCM denotes 1400

cubic centimeter per minute at S)iRorresponding to pres-
sures of 0.2 and 1 Torr, respectively, and at a surface tem- ]
perature in the range 70—600 °C. 600

Nitridation performed using NH, plasmas at a rf power !
of 200 W, a H/N, flux ratio of 3/100, a pressure of 0.2 Torr 200
and at a temperature in the range 250—-700 °C, a set of ex-
periments was also performed at a pressure of 1 Torr; a N
flux of 1000 SCCM with a H/N, flux ratio in the range 900+ (b) Hy/Ny=10%
0.002-0.03.

Nitridation performed using NNH; plasmas at a rf
power of 200 W, a pressure of 0.2 Torr, a temperature of
250 °C and by varying the NHN, flux ratio in the range
0.03-0.5. S0

The SE measurements were performed withimrsitu i
ellipsometer (UVISEL-ISA, Jobin Yvon, at an incident 300
angle of 70.45° over the 1.5-5.5 eV energy range. SE spec- !
tra of the pseudodielectric functiofz)=(e,)+i(e,) were 100
modeled using the Bruggeman effective medium approxima- 4“[.} k
tion (BEMA).?! The data of Aspnes and Studna were used T =00 =00 500
for the pseudodielectric function af-GaAs (Ref. 22 and

1000

\

300 500 700 900

7001

a-As.? For GaN the uncertainty of the GaN layer crystal- 2 40 () NHyN,=50%

linity pushed us to compare the different pseudodielectric % 2

functions for the cubic GaNRef. 29 and for the hexagonal £3

GaN?>?6The pseudodielectric function of free gallium Ga &

was experimentally measured by preparing ar3-thick me- g 20

tallic Ga film on a glass substrate. Once calculated, the 3

BEMA results were compared with the experimental SE ©

spectra and an unbiased estimatdr (defined in Ref. 2Y, 100

was used to evaluate the goodness of the fit from which the

film layer thickness and constituent volume fractions were W
500 700 900

derived. The lower thg? value, the better the fit. Real-time 300

single wavelength ellipsometry performed at 4.5 eV, i.e., the WAVELENGTH (nm)

photon energy of the GaAE, interband critical point®

which is extremely sensitive to surface modifications, was FICG- 1. Typical OES spectra recorded in the afterglow region of

used to monitor the nitridation kinetics. (@ Ny plasmas, (b) H,/N,=10/100 plasmas, and(c)
XPS analysis was performeek situto characterize the NI;34N2:50/50 plasmas at a rf power of 200 W and a pressure of

chemical composition of GaN layers and to validate the SEO' orr:

models. A Perkin-Elmer 5300 spectrometer using a Kig

source at 1253.6 eV was used to acquire spectra of thg,N 1

GA 3d, and As 2l photoelectron peaks. Mixed Gaussian- A. OES and MS analysis of the gas phase

Lorentzian curves were fit to the spectra, in order to obtain  compined MS and OES analyses have been performed to

information on the Ga, N, and As bonding configuration.  fingerprint the gas-phase environment at the GaAs surfaces
In order to analyze the gas phase surrounding the sub4yring nitridation.

strate sgrface_, optical-emission spectroscopy was used in Typical-emission spectra recorded for, NN,-H,, and

conjunction with mass spectrometry. The OES data were oby,-NH, plasmas are shown in Fig. 1. In the spectra dominant

tained by using an optical fiber that is connected to a 1024ye the emission peaks from the M the range® 500—800

optical spectrometric multichannel analyZ@MA), (OMA  nm and 300-450 nm due, respectively, to the following ra-
1] from EG&G Princeton App|led Resear¢hThe MS data diative decay processes:

were collected by a Elite-600 quadrupole mass spectrometer
from VG-Ges Analysis, sampling with a 1Qdm orifice just NZ(B3Hgy)—>N2(A32J)+hv (first positive system
near the GaAs surface. (1)

Ill. RESULTS AND DISCUSSION
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i o e N2(ASEF ) + Np(A%E ) = Ny(CIT,) + Nx(XTE ).
E ] o >|<1st positive system 1 (3)
S E o " 3 Thus, the emission intensity of the second positive system is
£t % ] representative of the }A3S*,) density, which does not
o b ) change by the FHand/or NH, addition.
Et - As for the Ny(B3Il,) state, it has been reportéd® that
3L x4 its formation in the afterglow, in absence of electrons, can
o o o k¥ ] occur by the following reactionga) the N atoms three-body
r 2nd positive system : recombination:
_ 1 1 111 III] 1 1 111 III| 1 1 1 1 llJ_l_ N+N+N2_}N2(BSHQ)+N2’ (4)
0 0.01 0.1 1 (b) the pooling reaction of NA3Y ") metastables:
» X
NHs" % H, No(A3S ")+ Ny(A3S ) —Ny(B3ITy) + No( XIS ),
FIG. 2. Normalized emission intensities of the lines at 762.6 and ®)

388.2 nm of the Mfirst and second positive system, respectively, vs(c) the energy transfer of NA3§+U) to Nz(x1§+g) mol-
the addition of H to N, plasmas operated &D) 1 Torr and at(X) ecules:

0.2 Torr, and(+) the addition of NH to N, plasmas at 0.2 Torr.
No(ASZ ") + No(XPE ) = Ny(B3ITg) + Np( X'Z ),
N,(C3I1,)—Ny(B3Il4)+hv (second positive system (6)

2 and(d) the radiative decay from the C stdieee Eq.(2)].

i . . On the basis of our experimental data presented above
4

The N, first negative emission at 391.4 nm has c’my@articular spectrunic) of Fig. 1], the contribution of pro-

been dgtected in the active-plasma region, and is complete esses of Eq€2), (6), and(7) to the first positive system can
absent in spectra recorded by observing the plasma afterglo% considered constant and very small. Consequently, the
near the GaAs surface. Also, emission lines of excited nitro-

by di | - o £ N observed variation of the first positive system emission with
gen atoms by direct electron impact excitation of N atoms,, ", q/or NH, addition (see Figs. 1 and)amust be assigned

alre ?bsentlnthg sp?ct{at.hThest()a Itastt obse_rt\_/auonﬁ |nd|tci‘1ateotg the N atom three-body recombinati¢kqg. (4)], which
electrons are absent at the substrate position where the ains the main formation channel of the first positive sys-

sampling is performed. Thus, under our experimental condifem_ Thus, the steady-state density of tr@B\?Hg) is rep-

tions, the GaAs surface is really in the plasma aﬂerglowresentative of the N-atom density and, hence, the square-root

region,_an(_j any effect of ions and/or energetic electrons OBmission intensity can be used as a measure of the N-atoms
the nitridation kinetics must be excluded. density*

Figure 2 shows the effect of total pressure and gf H
and/or NH; addition to Ny plasmas on the jirst and second st positive systerfe[ N2 B3ITg) Jo<[N]?, 7
positive emission systems. A decrease of the first positive
System emission intensity with an increase of tfpalﬁd/or that iS, the hlgher the intenSity of the first pOSitive SyStem,
NH, percentage is observed, whereas the intensity of théhe higher the N-atom density.
second positive system is unaffected. The constant intensity The decrease of N-atoms density observed when hydro-
of the second positive system and the experimental observgen is added to the \plasma can be explained by the fol-
tion that, in the OES spectra, the vibrational distribution oflowing scavenging procesS:
the first and second positive systems do not significantly
change with H and/or NH dilution indicate that the emis- xI2Hy(or xH)+N+M—NH+M  (x=1-3), (8)

sion intensities are not affected by the variation of theyhich gives NH (x=1-3) species. The presence of the
electron-energy distribution function and of the Mbra-  staple product Nkihas been detected by MS sampling. In
tional distribution of fundamental and excited states. This igact, Fig. 3 shows the variation of the signal at 17 amu due to
also confirmed by Matsumoto, Nakamura, and EgAtmino  the molecular ion NH" as a function of the kipercentage
measured the electron temperatilig by the double-probe  aqded to the Mplasmas. It is seen that the higher the hydro-
technique in N and N-H; (20% in Ny) plasmas and they did  gen dilution, the higher is the concentration of the J\Ho-

not observe significant differences i, between the two  gyced. In addition, the inset of Fig. 3 shows that the MS

plasmas. signal of the NH™ ion depends linearly on the N-atoms den-

The analysis of the OES data, aimed to the evaluation oty (represented by the square root of the fiist positive-
the N atom density in the plasma afterglow region, require§ystem emission intensity

to establish the origin of the emitting species. It has been
demonstratett =23 that in the afterglow region, where the
electrons are absent or relaxed, the excitation of the
N,(C®I1,) state is mainly given by the pooling reactifsee Figure 4 shows the XPS spectra of N,1Ga 3, and As
reaction (3) below] involving the N,(A3X ') metastable 3d photoelectron peaks for typical GaN layers obtained by
state that is reported to have a very long radiative lifetime ofN, and N-H, plasma nitridation of GaAs surfaces. For GaN
1.9 sec, layers prepared using,MNH; mixtures, the XPS spectra are

B. XPS analysis of GaN films
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arb. units

e e FIG. 3. Mass spectroscopic intensity of the
3 molecular ion NH* at 17 amu vs the fimolar

3 3 fraction in N, plasmas. The inset shows the linear
3 3 correlation between the NHormation and the N
atoms density, which is represented by the square
root of the emission intensity of the first positive
N, system(see texk

|NH3+ (arb. units)
n

INH,
O 2 N W hsE OO~ ®
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L ]
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nearly identical to those from the,NH, system. By using the plete disappearance of the As signal in the thick GaN layers
relative atomic sensitivity factors of Gad3and N s, the ~ (>100 A) formed by N-H, and N-NH; plasma indicates
N/Ga concentration ratio has been calculated and reported ihat the formed nitride layer is pure GaN, rather than the

Fig. 4. ternary compound Ga&s;_,N, as reported by some
The Ga 3 peak for all the samples examined shows aauthors>
main component assigned to GaBE=19.5 eV) 3" Addi- For all the experiments, the NsJpeak displays a shoulder

tional fitting components @&8E=18.6 eV due to metallic Ga at higher energy that is not due to As-N species as deduced
and its oxidized form G#; at BE=20.4 eV, are present in from the As 31 spectra and probably is attributed to N-H or
the GaN layers formed by AH, and N-NH; plasma nitri- ~ N-N bonds.
dations, so explaining the N/Gd. These Ga and G@;
components are absent in the XPS spectra recorded for N
plasma nitridation samples, where the GaAs substrate com-
ponent is present due to the small GaN thicknes40 A). Figure 5 shows thée,) trends with evolution of the ni-
Nitridation by N, plasmas gives almost stoichiometric tridation of GaAs recorded during typical nitridations of
GaN layers. However, the broad Asl eak indicates that GaAs surfaces using /NN,-H,, and N-NH; rf plasmas and
As may exist in two different chemical states: the anionsof a typical N-NH; thermal nitridation at a surface tempera-
bonded with Ga and free As atoms resulting from the exture of 700 °C, which is well above the thermal decomposi-
change reaction between N atoms and G&gex below. tion threshold of about 550 °C for the GaAs substrate. The
Angle-resolved XPS measurements provide evidence that tr@bserved different shapes of tke,) vs time data indicate
free As accumulates at the GaN/GaAs interface. The comthat the replacement of As atoms with N atoms occurs via

C. In situ real-time ellipsometric results

(8) N 1s As3d

N/Ga=0.7

FIG. 4. Typical XPS spectra of
the N 1s, As 3d, and Ga 8 pho-
toelectron peaks for GaN layers
obtained by (@ NyH, and
(b) /P“\ N,-NH3 and (b) N, plasma nitri-

dation of GaAs substrates. The

N/Ga=0.9 o corresponding N/Ga atomic ratio
GaN GaA a is also shown.
/) As® GaAs
3996 3970 3944 428 406 384 218 196 174

BINDING ENERGY (eV)
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spectra have been analyzed using BEMA models that are
based on the XPS results and the models are depicted in Fig.
N, 7, which also includes the values of the unbiased estimator
" x? for the proposed models for the three plasma systems.
The lowesty? value indicates the best-fit model for each

A 12¢ NH/N,=10% L . . P H
S plasma nitridation system used in this study. The composi-
Vo gl tion and thickness determined from the best-fit BEMA mod-
s Hy/Ny=3% els for the SE spectra shown in Fig. 6, and that agree quali-
4l . tatively with XPS results, are included with the best-fit
®o NHyN,=10%, 700°C model at the bottom of Fig. .6. Here, it is i.mportant t'o under-
0 2 line that the GaN pseudodielectric functids) used in the

0 10 20 30 40 50 60

i BEMA models is that of the hexagonal phase from Eduards,
TIME (min)

et al?® This choice does not mean that the present GaN lay-
FIG. 5. (e,) value at the photon energy of 4.5 eV vs time €rs are hexagonal, as we do not have any structure measure-
recorded during GaAs nitridation k@) N, plasma aff=250°C, ments. Since the uncertainty on the crystallinity of the
(b) N»-H, (3% in H,) plasma afT=250 °C, (c) N,-NH; (10% in  present GaN layers, the SE data have been fitted by using the
NHz) plasma atT=250°C, and(d) thermal nitridation by a (e) of either cubic and hexagonal phases. However, the com-
N2-NH3 (10% in NH;) mixture at T=700°C andP=1Torr.  parison of the data derived by the two different fits does not
(Other plasma conditions: rf poweR00 W, P=0.2 Torr) show significant differences in layer thickness and composi-
tion. As an example, the SE spectrub) of Fig. 6 can be
different kinetics. For the interpretation of these data anditted by a single layer of 581% «-GaN, 7£1% Ga, and
(&,) spectra, it should be remembered that the pseudodieled0= 1% voids with a thickness of 1801 A when hexagonal
tric function is a composite function of both the chemistry GaN is used, and alternatively, by a single layer of 52
and physics of the situation. In our case the pseudodielectri 3% B-GaN, 5£1% Ga, and 43 2% voids with a thick-
function is determined by not only the different chemistry, ness of 1062 A, when cubic GaN is included. Thus, the
i.e., the composition of the GaN layers but also the crystaluncertainty, related to the use af or 8-GaN, on the layer
line structure, i.e., cubic or hexagonal GaN, the morphologythickness and composition is in the range of the fitting error.
i.e., surface roughness and material microporosity. In order This insensitivity of the SE fitting to the GaN crystalline
to discriminate among these effects, SE spectra have begrase is a consequence of the nonideal crystallifgtgin-
acquired at the end of each of the nitridations and represersoundary regions, microporosity, surface roughpesshe
tative spectra in terms @k ,) are shown in Fig. 6. These SE GaN layers. However, the validity of the thickness values

2 [ T T T T T ¥ T T T T T T T T T T | T T T T ]
5 - c-GaAs -
A 15 F N
N C 3
(\&/) - ]
10 - =
N ] FIG. 6. SE spectra of the imaginary part of
- 1 the pseudodielectric functiafz,) recorded at the
0 F . s end of the nitridation runs. Points are for experi-
mental data and lines are for fit results. The cor-
1 6 responding best-fit BEMA models angd values
are also shown.
ENERGY (eV)
54+2% Gal 55+1% GaN 18+1% GaN
4+2% Gal i 3741% void i | 80+1% void [288+5A
46+1% void [10F1A | 0 Gan 8+1%Ga |** " | "201% Ga
40+1% void 100+1A 55+2% GaAs
15+1% GaN —< 70 .
63+1% GaA: H T+1% Ga A | 1141% Ga [325+5A
37+2% a-As| (1A 85+1% GaAs(85+1A 6411"/:void
c-GaAs c-GaAs c-GaAs c-GaAs
(a): N, (b): Hy/N,=3% (C):NHyN,=50%  (d):NHyN,=10%, 700°C

1°=0.04 x7=0.02 2=0.03 1’=0.03
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10
1001 NHy/N,=3%
1t °L gol
2 2]
4 @ NHy/N,=10%
Z 60| NHy/N,=50%
0,1 X
o N,
. ___,—-"&J X ':E 40}
Ha(NHayN,< 109 -5 >
0,01 GaN @
O 204
Ga GaN !
GaN G i Ga i
GaN void Ga::l void 0 3 ‘ . ‘
void vod | aan 0O 10 20 30 40 50 60
c-GaAs v:id GaN TIME (min)
a-As c-GaAs
FIG. 8. Time dependence of the GaN thickness obtained by
-GaAs | cGahs |c-GaAs |cGahs | c-Gans nitridation with N,-NH; plasmas at various NHpercentage. The

1 2 3 4 5 GaN thickness profile by the \blasma is also shown for compari-
PROPOSED MODELS son. Solid lines represent fit of the profiles by Efj9) defined in

FIG. 7. BEMA models used to fit the SE spectra. Plotted at theh® text.(Other experimental conditions:=250 °C; rf power, 200
top is the unbiased estimator of the mean-square deviation for th&/s P=0.2 Torr)

solution to the model depicted at the bottom. The lines were drawn o ) )
purely to indicate thec values for the same plasma system and tohave been nitrided at various temperatures and at different

guide the eye. gas-phase compositions and pressures. Each of the above
best-fit BEMA models have been used to derive the corre-

derived from SE modeling has been confirmed by crosssponding GaN thickness profiles from the experimetgl

sectional transmission electron microscof¥TEM) mea-  profiles.

surements for a typical GaN layer nitrided by /M, plas- Figure 8 shows the time dependence of the GaN thickness

mas. The GaN thickness obtained from XTEM is about 12during nitridation of the GaAs surface using-NH; plasmas

nm, compared with 12.8 nits3% GaN, 3% Ga, 44% voills with various NH, percentages. Figure 9 shows the effect of

obtained from SE modeling. H, addition on nitridation kinetics by NH, plasmas for two

As was mentioned above, the data in Figs. 5 and 6 suggesifferent values of total pressure. In both figures the typical
that a different surface chemistry is operative in each of theitridation kinetics using a pure Nolasma is also reported
three plasma systems and in the following discussion wWgor comparison. In all the three plasma systems, the GaN
enumerate some key differences. thickness vs nitridation time data is characterized by a rela-

(1) For nitridation using pure Nplasmas, a two-layer tively fast initial GaN formation followed by a progressive
model consisting of a lower-density GaN surface layerdecrease of the nitridation rate and finally the achievement of
(GaN+voids) on a relatively higher-density interface layer a saturation GaN thickness. Typically, the saturation thick-
composed of GaAs plus free As provides the best fit. ness, indicative of self-limiting growth, of 40 A for the GaN

(2) For nitridation using B-H, and N-NH3 plasmas with  layer has been observed using pure pasmas atT
percentages of Hand/or NH; lower than 10%, the best-fit
model is a single inhomogenous layer with three components 1509
(GaN+Gatvoids), which predicts the presence of metallic
Ga in the nitrided layer.

(3) For nitridation using MNH; plasmas with high NH
percentages, a two-layer model with an interface
(GaN+GaAs) layer and a rough GaN surface layer contain-
ing free Ga and voids is best.

However, the models shown in Fig. 7 are applicable for
nitridations performed at temperatures lower than the ther-
mal decomposition threshold of the GaAs substrale (
=550 °C). Nitridations done af>550 °C show a high-
volume fraction of free Ga, which is even larger in the pres- 0% . ‘
ence of H atoms. As an example, the GaAs nitrided at 0 10 20 30 40 0 8 16 24
700 °C are best fit by a two-layer model, in which the top TIME (min)
layer is a rough mixture of GaN and Ga, and the interface
layer is composed of damaged GaAs and (Gee Fig. 6. FIG. 9. Time dependence of the GaN thickness during nitrida-
Thus, from these results, it is concluded that both the nitrition by N,-H, plasmas(a at H,/N,=3%, P=0.2 Torr and a{O)
dation chemistry and kinetics are strongly affected by ther=250°C and(d) T=350°C, and(b) at T=250 °C, P=1 Torr
surface temperature and by the presence of H atoms. and different H percentage. The GaN thickness profile by the N

In order to clarify the role of the surface temperature andplasma is also shown for comparison. Solid lines represent fit of the
of the H atoms on the nitridation mechanism, GaAs surfacegrofiles by Eq.(21) defined in the text.

t@:02Tor "I t0): 1 Tomr

100 |

Na
0.2%

_0.6%
Hy/N,=3%

50 [ 4

GaN THICKNESS (A)
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I B B RN BN The overall chemistry of the GaAs nitridation can be sim-
- 100 - ] ply envisaged as
o L ]
5 80 . GaAstN—GaN+As. 9
Y 60 3 Limited by the inherent complications of this solid-state ex-
5 ] change reaction, we only consider the overall reaction char-
T 40 ] acteristics and analyze the kinetics on the basis of the canoni-
; ] cal laws of the gas-solid interactions.
S 20 § ] Thus, Eq.(9) is analyzed in the framework of the hetero-
o 1 geneous reactions in which the following steps are consid-
o®% .. . ...y ] ered: (i) chemisorption of nitriding species, N atoms and/or
0 20 40 60 80 100 NH, radicals, at the beginning on the GaAs surface and af-
TIME (min) terwards on the GaN surfacéij) inward migration of N

atoms through the product GaN layer, and toward the GaN/
FIG. 10. GaN thickness profiles obtained by plasma nitrida- ~ GaAs interface, which at first can be considered to occur via
tion at various temperatures at 0.2 Téempty symbolsand at 1  Fickian diffusion;(iii) chemical reactions at the GaN/GaAs
Torr (full symbols. Solid lines represent fit of the profiles by Eq. surface, involving the N atoms chemisorption and the ex-
(21) defined in the text. change reaction of As with N, the formation of AsN and,
when in the presence of H atoms, of Askpeciesjiv) de-

=250 °C for 1 h>?° The presence of a few perce®%) of : o -
: : X sorption and outward migration of the As products, also via
hydrogen either as jbr NH; increases the GaN layers thick- Ficli)irlm diffusioun?N 'grat produ v

ggﬁz,ital(tshg g gFr: ?elh);ig)?zeﬂowg\ig?ntﬂgcirr(]a;sezsséhgfl\tlr-]aetom We excluded the outward migration of Ga and As ions
Y gs-. ' based on their high mass compared to N atoms, the large

saturation GaN thickness by the, ldr NH; addition is ob- ionic sizes, and also because voltage bias assisted nitridation

served only at 0.2 Torr while at higher press(teTorr) the o
H, addition effects a decrease of the GaN saturation thickd0€s not show any effect even under favorable conditions

ness[see Fig. ®)]. In fact, at 1 Torr, the homogeneous unlike GaAs oxidatiort” _ .
recombination processes by hydrodé&m. (8)] and nitrogen The proble_m_ of_establlshmg Whlch_ of _the above_ steps
[Eq. (4)] atoms become more effective than at 0.2 Torr, andeontrols th_e nltr|da_1t|on rate and depth is d|ﬁ|(_:ult. Whlle the
the density of N atoms impinging on the surface is signifi-concentration of nitrogen atontand/or NH radicals in the
cantly reducedOES data for MN-H, experiments have shown 9as phase depends on electron impact dissociation processes
a decrease of about 2—3 times in the relative density of Nand on recombination process@specially the latter in the
atoms in going from 0.2 to 1 TorrAs expected, the lower downstream plasma regiprthe amount of nitrogen at the
N-atom density in B-H, plasmas at high pressure results in GaN/GaAs interface, obviously depends on stiep which
a smaller saturation thickness of GaN. is the N supply function. In order to determine whether trans-
The effect of the GaAs surface temperature on the nitriport controls the overall nitridation process, we prepared
dation kinetics is reported in Fig. 10, which shows the GaNthickness vs the square root of time and found that the plots
thickness profiles at various nitridation temperatures for N are not linear, which indicates that the overall nitridation
plasmas. It is seen that the higher the temperature, the larggrocess is not determined by the N atom in diffusion. In fact,
is the GaN thicknes® However, SE and AFM dafdhave  we can exclude both Fickian transpéechemical diffusion
shown that nitridation aT >600 OC ylelds GaN Iayers that and also flow-in microporeiKnudsen_Poiseuvi"e f|ow
are both very rough and Ga-rich, hence useless for mosghere both transport processes yield parabolic kinetics in
applications. L which the N-atoms transport is simply inversely proportional
The temperature dependence of the nitridation kinetics fofy the GaN thickness oxidatid®. While this may appear
N>-H, and N-NH; systems is more complex. For these counter intuitive, the typical examples of diffusion controlled
cases, an upper limit of 450 °C is suggested for the nitridareactions for apparently similar cases include Si nitrid4fion
tion. In fact, an almost flafz,) profile is found forT  ang Sj oxidatiorf? where in both cases the molar volume of
=450 °C, indicating that mtndaﬁuon of the GaAs surface the solid product (SN, or SiO,) is larger than that of the
does not occur. We believe this is due to the fact thaflfor reactant(Si). The consequence is a compressive film stress
=450 °C the heterogeneous recombination of N atoms angnd the products §N, or SiO, form a protective layer or
H atoms, which desorb as NHpecied’ dominates. In fact, iffusion barrier on Si with the result that the overall reaction
above 450 °C, the XPS, SE, and AFM data have shown thahte is controlled by the low diffusivity of nitrogen or oxygen
only a small volume fraction of nitrogen is incorporated andthrough the SN, or SiO, barrier layer. The situation for
that the GaAs surface rapidly deteriorates: the higher thgsaas nitridation is essentially the opposite where the molar
temperature, the higher the damage in terms of roughnesglume of the solid productGaN) is less than that of the
and Ga-enrichment of the GaAs surface. reactantGaAs. In this case, the product layéaN) could
be microporougthis is supported by our SE modeling re-
sults, which require GaMNvoids to achieve the bestJiitre-
Differently from GaAs oxidation, where it has been pos-sulting in rapid transport so that the rate-determining step
sible to develop satisfactory chemical and kineticsmay be the chemical process occurring at the GaN/GaAs
models*®*'the GaAs nitridation cannot refer to any theoret- interface. Under these circumstances the rate is determined
ical treatment. by the available surface area of GaAs, and such a process is

D. Chemistry and kinetics
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referred to as topochemical’ ** Topochemical reactions
are greatly affected by any substance different from the ni-
triding species that adsorbes on the reactant surface and thus
reduces the area of the GaAs surface available for reaction.
Such an interfering substance behaves asaibitor or poi-

son In the particular case of GaAs nitridation, the reaction
product As appears at the GaAs surface as was evidenced in
the SE models, which show As segregation. The As could
inhibit the reaction and at the same time modify the kinetic
law. Based on these assertions, a simple chemical model for | X
the GaAs nitridation is as follows:

FIG. 11. Schematic representation of the steady-state N-atom
fluxes (F,=F,+F3) involved in the GaAs nitridation to GaNg;

D k is the diffusive/transport flux of N atoms to GaN/GaAs interface;
N— N(bulk) + GaAs— GaN+As F, is the recombination flux to AsN/NandF; is the reaction flux
+ to GaN.
As
krl F2: kaN y (11)
AsN— 1/2N,+As wherek, is the recombination rate constant, whose value will

depend on the presence/absence of freésAe the chemical
scheme above Finally, there is the flu¥ 5 of N atoms in-

whereD is the diffusion coefficient for the in diffusion of N volved in the reaction, at the GaN/GaAs interface, yielding
atoms,k is the true rate constant of the reactive step at thg; - ’ '

GaAs surface yielding GaN and free As, akdis the rate
constant for the N-atoms recombination reaction also acti- x\ Kk
vated by the As sites. The existence of AsN species at tem- F3=kCNSGaAs°CkCN( 1- —) =—-cn(a—x), (12
a/ a

peratures lower than 250 °C has been reported by Masuda
et al® The fate of As depends on the plasma system. Duringvherek is the true rate constant for the surface reaction step
nitridation by pure N plasmas, As atoms segregate at theand Sg,,s iS the area of the exposed GaAs surfdte-
GaN/GaAs interface, thus reducing both the N-atom densitpochemical reaction also related to the number density of
and the GaAs exposed surface. For nitridation ByHN and  surface-active sites. In the present case, the area of the ex-
N,-NH3 plasmas, the presence in the bulk of H atoms facili-posed GaAs surface does not remain constant during the ni-
tates the formation of AsHspecies, which outdiffuse and tridation process. In facBg,as decreases while nitridation is
reduces the As segregation. However, the chemical nitridasperative, because of the segregation of free As at the GaN/
tion model above is valid aT <550 °C, since at surface GaAs interface, which reduces the number of GaAs sites for
temperatures higher than 550 °C, the nitridation is assisteditridation. Thus, theSg a5 decrease can be simply related to
by the GaAs thermal decomposition, whatever is the plasm&aN thickness by the term (ix/a), wherea is the satura-
systemt? tion GaN thickness. Now assuming a steady state where the

Using the chemical model, a rate law for GaAs plasmafollowing relation obtains:
nitridation is derived and tested against the measured thick-
ness time data. To this end we start from the steady-state Fi=Fy+F3 (13
conditions applied to the N atoms flux. In the kinetic nd
model we consider the following fluxésee scheme in Fig.
11). D(co—cn) K

First is the Fickian flux=, for the indiffusion of N atoms: — - k.cyt+ a cy(a—x). (14

The solution for N-atom density is given as
dc  D(cyp—cy)
= (10 Dco
CN: k . (15)
D+k,x+ 3 (a—Xx)x

F1:_D

whereD is the diffusion constant of the N atoms through the
GaN layer of thickness, andc, and cy are the N-atom This equation enables the flieg to be expressed as
density at the outermost surface and at the GaN/GaAs inter-

face, respectively. While we have assumed Fickian diffusion F _% _ E B Dcy 16
of N atoms, it is important to realize that an alternative trans- 37 gt a (a=x) (16)
port mode is flow-through micropores, but Knudsen- D+kx+ 2 (@=x)x

Poiseuville flow has a similar inverse thickness dependence

and as such the two flux equations are virtually The relationship between GaN thicknesand timet is ob-
indistinguishablé? Next is the flux of N atom$, involved  tained by integrating Eq16) and yields the following equa-
in the heterogeneous recombination to yielgdwd/or AsN:  tion for the time evolution of the nitridation:
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TABLE |. Values of the best-fit parameters i Eq. (19) and (b) Eq. (22) (see text for the experimental GaN thickness profiles
obtained by the three plasma systems.

N, N,-NH; (T=250 °C) N-H, (3% in Hy)
70°C 150 °C 250 °C 450 °C 3% NH 10% NH;  50% NH, 250 °C 350 °C
@
A 7.56 8.76 13.40 15.50 15.35 14.21 14.46 7.18 9.22
B 0.50 0.29 0.38 0.34 0.14 0.17 0.24 0.0005 0.018
C 0.013 0.003 0.0019 0.0011 0.000 08 0.002 0.004 0.0005 0.000 08
a 29 39 41 54 103 70 65 101 141
(b)
a 28 39 41 54 103 70 65 103 141
b 1.04 1.33 1.15 1.57 0.12 0.021 0.008 0.0006 0.0042
k'’ 451 5.09 5.50 6.02 0.86 0.33 0.27 0.087 0.177
a(D+ak,) a k.a 1 than for N-NH; and N-H, plasmas. The fact that the
~ " kDc, In —— KDc, X+ 2Dc, * (17 value decreases when in the presence of hydrogen is because
it includes besides thk constant, the N atoms density,
which can be rewritten for ease of manipulation as which decreases with the,tand NH; addition (see Figs. 1
and 2 and the saturation thickneas which is lower for N
t=A In 2 Bx+ Cx2. (18)  Plasmas than for NNHz; and N-H, plasmas.
a— The temperature variation of the pseudorate condtant

This equation has been used to fit all the experimexggl ~ &N D€ examined using an Arrhenius plot to derive the ap-
profiles; the best fi\,B,Cparameters have been derived andParent activation energgg, of the nitridation process. The
are listed in Table (8). Interestingly, we found that for all low value of E; of 0.05 eV can be understood using the fact
experiments theC(=1/2Dc,) values are almost equal to that for gas-solid reactions the true activation enefgyis
zero (< 10°2) and, therefore, negligible with respect to other reduced by the heat of adsorption of the reactahatoms.
terms. We conclude that the transport term whether by dif- Also, a direct consequence of the suggested nitridation

fusion or micropore flow is fast, and therefore kinetically notmodel is that, with other parameters kept constant, the
important. Thus, Eq(18) reduces to amount of nitrogen incorporated as the GaN layer depends

upon the partial pressure of N atoms in the gas phase. In

a particular, the initial nitridation rate, i.e., the rate at the very
t=Aln a_X_BX’ (19 beginning of the nitridation process, is a measure of the N-
o atom density at the gas-solid interface. Equatip® evalu-
or in its complete fornjsee Eq(17)], ated forx=0 reduces to
kco, D+tak, a k
— Y= T dx
a' " Dp "ax D (20 (a) =Ko, @2
x=0

This equation reduces to the following:
whose validity is confirmed by the data shown in Fig. 12,

a
kt—(1+ab)lnﬁ—bx (21 0,07 ETTTT T
Ne 7
and includes, as a fitting parameters, the constenendb, - 32 No/NH, (3%), E
which are representative of the true-rate constanf the 5006 - 3
surface-reactive step, and of the disappearance of N atoms \% a 3
through the As-activated recombinatikp. The fitting of all %‘~uo.05 = N> INH, (10%) U] o E
the experimentak(t) profile (Figs. 8—10 by Eq. (21) pro- X 3 N, H, (3%)
duce the values listed in Tabléb). The parametea repre- S F
sents the maximum nitridation depth. Theparameter is a 30'04 3 E
measure of the reaction inhibition by the As poison, and its 3 E
value increases with temperatuiia fact an increase of As 003 b SNNLGOR), 0]
segregation at the GaN/GaAs interface has been fSuadd 0 10 20 30 40 50
decreases with Hand/or NH; addition. The presence of hy- sqrt(1st positive system)
drogen favors the As desorption, and the higher the H atom
content, the lower thé value. The pseudorate constait FIG. 12. Linear correlation between the initial nitridation rate, in

obviously increases with temperature and its value dependgrms ofde/dt, and N-atom density evaluated by the square root of
on the plasma mixture, being higher for pure plasmas the first N, emission system.
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where the initial nitridation rate, in terms dt/dt, is plotted  ing very rough and Ga-rich GaN layers. InyN, and
as a function of the N-atom density, in terms of the square\,-NH; plasmas, the nitridation does not occur whén

root of the first N emission systengsee Sec. Il A =450 °C because of the heterogeneous recombination pro-
cess of N and H atoms.
IV. CONCLUSIONS The composition and morphology of the GaN layers de-

pends on the plasma mixture., plasmas yield stoichio-
metric and smooth GaN layers with As segregation at the
GaN/GaAs interface. NH, and N-NH; plasmas give Ga-
Sich GaN layers without As segregation. However, the excess

are drawn. L
T . L Ga can be easily nitrided by a subsequent exposure for few
The GaAs nitridation is #opochemicakeaction, i.e., the min to a N, plasma.

nitridation rate is determined by the area of the GaAs surface .. qation using N-H, plasmas yield very stable GaN

available for the N-atoms_ch_emlsorp'_uon. L : layers, since neither etching nor damage is induced by sub-

Free As has a dual inhibiting role in the nitridation kinet- mitting the GaN layers to H atom plasma treatments, even at
ics: it is a recombination site of N atoms by forming AsN temperature as high as 500 °C and at very high ’H atom
and, since it segregates at the GaN/GaAs interface, As reoses. On the contrary, GaN layers prepared using either N

duces the avaﬂ_aple GaAs surface_. . .. or N>-NH5 plasma nitridation are easily etched by H atoms
The GaAs nitridation is a self-limiting process and is in- treatmenté5

hibited by As, which segregates at the GaN/GaAs interface
and limits the thickness of the GaN layers formed by N
plasmas to few tens of angstroms. Inp-N, and N-NH;

The GaAs nitridation by B N,-H,, and N-NH3; remote
plasmas has been investigaiedsitu and in real time using
spectroscopic ellipsometry, and the following conclusion
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