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Atomic N and excited N (N3) play important roles in plasma-assisted synthesis of nitride
materials, such as GaN. Absolute densities of N afid\ére measured at the substrate plane in an
inductively coupled N plasma in the pressure range of 10 to 200 mTorr using modulated-beam
line-of-sight threshold ionization mass spectrometry. The density of N increased with increasing
pressure from 2210 to 1.8<10"°m~3, while the density of § was in the range of
9.7x 10" to 2.4x 10' m~3, with a maximum at 50 mTorr. Based on the appearance potentid] of N

at ~12 eV, we identify this excited molecule as long-lived KASS ") metastable. €2003
American Institute of Physics[DOI: 10.1063/1.1630843

Nitrogen plasmas are used extensively in the low-sociative ionization enables the distinction of the quadrupole
temperature deposition of materials such a?N$j* CsN,,2  mass spectrometéfMS) signal due to the radical species
and as the nitriding source in plasma-assisted moleculaiN) from the signal due to its parent molecule,{Nn the
beam epitaxy of GaR? Nitrogen plasmas contain atomic N, electron energy range between 14.5 and 24.3 eV. This prin-
as well as electronicalf? and vibrationally excited Nthat ciple for radical detection is referred to as TIMS. Using a
carry several electron volts of energy above the ground statgimilar principle, N can be differentiated from the ground
Any or all of these highly reactive species can affect thestate N since the threshold for the parent ionization df N
surface and, thus, the deposition chemistry. Several studies jower than that for the ground state, NHowever, it is not
the deposition of GaN using N\plasmas have revealed that possible to determine the identity of the excited species
the properties of the deposited thin films depend on the relauniquely, that is, it is not possible to determine whether the
tive flux of N and excited N (N3) to the surface during excited species are vibrationally or electronically excited
growth!~? Specifically, N is thought to be more desirable states of .
for GaN growth since it facilitates higher film growth rates at The experiments were conducted in an inductively
lower substrate temperatures with significantly improvedcoupled plasma reactor, in which the plasma is excited using
electrical properties in comparison to growth with a pre-a planar coil powered at 13.56 MHZThe power absorbed
dominantly atomic N fluX:® Thus, there is a need to simul- by the plasma and Nflow rate were kept constant at 750 W
taneously characterize the N and Rluxes impinging on the and 50 std. criimin, respectively, while the gas pressure was
substrate to determine the role of these precursors duringaried from 10 to 200 mTorr. A QMS coupled with an in-line
deposition. In this letter, we report the use of modulated*Bessel Box’-type ion-energy analyzéHiden PSM-2 was
beam line-of-sight threshold ionization mass spectrometryplaced in LOS with the sampling orifice in a three-stage dif-
(LOS-TIMS) to measure the absolute densities of N afd N ferentially pumped chambé?. The gas-phase species im-
in an N, plasma. Although TIMS has been used to measurginging on the substrate plane from the plasma were sampled
N atom densities?!! N3 measurements have not been re-throuch a 1 mmaperture on the substrate platen. A chopper
ported previously. was used to modulate the beam sampled from the plasma to

In mass spectrometry, electron impact ionization of aseparate the ions created from the species directly entering
radical and its parent molecule can result in the same daughhe QMS ionizer(beam componeptfrom the ions created
ter ion. For example, N ions can be formed by both direct from species already present as background in the differen-
ionization of N radicals, (N-e—N™+2e with a threshold tially pumped chambetbackground componentThe beam
energy of 14.5 eYand through dissociative ionization ofN component is proportional to the concentration of the species
molecules, (M+e—N*+ N+ 2e with a threshold energy of of interest in the plasma chamber; it is obtained by taking the
24.3 e\). The difference in the thresholds for direct and dis-difference between ion counts measured with the chopper in
the open (bearmbackground) and closegackground po-

dAuthor to whom correspondence should be addressed; electronic maiﬁ't'on_s- ) )
aydil@engineering.ucsb.edu Figure 1 shows the QMS signal for'Nas a function of

0003-6951/2003/83(24)/4918/3/$20.00 4918 © 2003 American Institute of Physics
Downloaded 13 Dec 2007 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 24, 15 December 2003 Agarwal et al. 4919
5x10° 261
Dissociative Ionization A | 24 :
4x10° nt
= s Direct and Dissociative 20F
3 X0 Ionization r >
» 18 o
Z 4 - N
g 2x10°F _lef =
8 Direct lonization 4 p > 4: L:;
3L l 'd E -
1x10 g 12f a
L & 3 15 B I .
0 s . o oad®P 10_ 1 20 [
12 14 16 18 20 22 24 26 28 gl o
Electron Energy (eV) s Z P ALY
6l
L 2
FIG. 1. QMS signal fn/e=14) for N* in counts/s as a function of electron al b ,5_77
energy with the chopper in the opdr\) and closed(O) positions. The L o
pressure in the plasma chamber was 50 mTorr. 2rX '22'e s
O-IIOILI_LIIIIIIII
04 08 12 20, 2.8 36
the electron energy with the chopper in the open and closed r(A)

positions. Since the electron-impact ionization cross sectionéIG 3. Simplifi _ . .

. . . 3. plified potential energy curves for different electronic states of
are linear, with electron energy up to_ a.few electron VOItSNZ and N; . The vertical arrows indicate the possible FC transitions during
above the threshold, the threshold for ionization of N to formionization and the numbers indicate the vibrational levels.

N* can be determined from the electron-energy intercept of

a linear fit to the QMS signal in the direct ionization region

with the chopper in the open position. This threshold is 14.8he QMS ionizer, the only candidates for thg Netected in
eV, as would be expected for ionization of ground state Nthese experiments are,Nn the lowest lying electronically
atoms. Similarly, the dissociative ionization threshold of N excited AX | state(6.2 eV above ground level, with a ra-

to form N* is apparent at 24.3 eV from the data obtaineddiative lifetime >2.0 9,'* or vibrationally excited N (up to

with the chopper in the open and closed positions.
The QMS signal for § ions as a function of electron

the 27th vibrational levélin the X12$ state (Fig. 3. All
other electronic states of Nhave a much shorter lifetime

energy is shown in Fig. 2. The threshold for the direct ion-than the time of flight to the QMS ionizé?.

ization of N, to form N; is at 15.6 eV, corresponding to

The identity of the N can be determined by considering

transitions from the ground vibrational level of the groundvarious Franck—CondofFC) transitions from the relevant

electronic state (X2 5) of N, to the ground vibrational level
of the ground electronic state ofN(XX ). However, Fig.
2 shows that the direct ionization threshold is shifted-tb2

N, to N5 electronic states shown in Fig. 3. The ground vi-
brational level of the &S state has a larger mean separa-
tion distance i) compared to the X3 | state of N' (15.6

eV, 3.6 eV below the direct ionization threshold for the eV above the )%Eg state, Fig. 3 Thus, a FC transition from

ground state B, indicating the presence of3N The QMS

the ground vibrational level of the & | state to the ground

signal due to ¥ with the chopper open is significantly vibrational level of the )@E;’ state is improbable, as there is
higher than that with the chopper closed, indicating that theno overlap of the wave functions of these states. For a

plasma is the source ofjN The presence of some;Nsignal
in the background is due toNproduced by the QMS ionizer

ground vibrational level, the wave function is a Gaussian
centered at., and the wave functions for the higher vibra-

filament. Taking into account the time of flight of the neutral tional levels peak at the classical turning points of the poten-
species in the molecular beam from the sampling aperture tthial energy curves. Thus, the observed ionization threshold
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FIG. 2. QMS signal fn/e=28) for N; in counts/s corresponding to the data
shown in Fig. 1.

could correspond to a transition from the center of the
ground vibrational level of the AS| state to the classical
turning point of a higher vibrational level of the2>§Lg+ state

or the A?ll, state(e.g., transition “a” in Fig. 3. Such a
transition would require~11 eV, much closer to the ob-
served threshold. The other possibility for thg Mppearing

at ~12 eV could be due to the presence of vibrationally
excited states within the 3(2;“ electronic state.

In order to observe an ionization threshold-ei2 eV,
the FC transition would have to be from approximately the
14th vibrational level of the ground %/ state to the
ground vibrational level of the )°<2g state(transition “b” in
Fig. 3. However, such a transition would correspond to a
low FC overlap since the wave functions of vibrationally
excited states peak at the classical turning points.

A transition from the turning points of the vibrationally
excited X3 states to the turning points of vibrationally
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excited X237 ionic state is likely, but will have a much 18} : ' T Aoz
higher threshold14-15 eV, as shown by the vertical line L6l 1o
“c” in Fig. 3. Indeed, a careful examination of the data in o~ 14l oo
this region shows a knee in the QMS signat<t4 eV. This gt -
cannot be due to the spread in the energy distribution of the 29 t2r 10.18 "¢
electron beanfifull width at half-maximum~0.5 eV] which > or J0.16 %
could shift the 15.6 eV threshold to lower energies. This .2 08} loaa =,
knee is obvious in the inset shown in Fig. 2 and only in the 5 06} A 0.12 Z
signal with the plasma on. Thus, based on the potential en- < 4, Z |

ergy diagram of the Nand N, electronic states, we con- oal2 2 1010
clude that the most likely candidate for thé Npecies ap- ' 5 ” 0 T 2(')0 0.08

pearing at 12 eV is the ground and/or vibrationally excited

A33 " state, and the most likely candidate fok Npecies

appearing at 14 eV is the vibrationally excitedlxg state.  FIG. 4. Absolute NA) and N; (O) densities in the plasma as a function of
The beam components of the QMS ion count rategressure.

shown in Figs. 1 and 2 for N and3N respectively, have to o ) o

be calibrated to obtain absolute densities. We have used tff@mber walls until higher pressures. Since diffusion losses

calibration procedure described previous®' The abso- decrease with increasing pressure, N atom density increases

lute density ofX (X=N or N&), n&", was calibrated with the over the pressure range studled._ In growth of G_aN and other

signal from the parent ionization of a reference Géswith mtnde_ matenals_, this difference in Ic_)s_s me_chanlsms and the

known partial pressure and with an/e value equal to or resulting behavior of Bl and N densities with pressure can

close to that of the species of interest, using the expressiof?® €Xploited to maximize the flux of the nitrogen precursor
beneficial for the growth process.

Pressure (mTorr)
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