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Ion implantation doping and isolation has played a critical role in the
realization of high performance photonic and electronic devices in all mature
semiconductor material systems. This is also expected to be the case for the
binary III-Nitride materials (InN, GaN, and AIN) and their alloys as the
epitaxial material quality improves and more advanced device structures are
fabricated. @ We report here on the recent progress in ion implantation
doping of II-Nitride materials that has led to the first demonstration of a
GaN JFET. The JFET was fabricated with all ion implantation doping. In

.particular, the demonstration of p-type doping of GaN with Ca has been
achieved with an estimated acceptor ionization energy of 169 meV. O-
implantation has also been studied and shown to yield n-type conduction
with an ionization energy of ~29 meV. Neither Ca or O display measurable

redistribution during a 1125 °C, 15 s activation anneal which sets an upper
limit on their diffusivity at this temperature of 2.7x10™ cm?s.

INTRODUCTION

Ion implantation has been the foundation of most advanced electronic and, to a lesser
extent, “photonic devices in mature semiconductor materials systems such as silicon and
gallium arsenide.  The selective doping and isolation capabilities of ion implantation
enables many high performance device structures. The III-V nitrides are far from a mature
materials system, however, ion implantation has already been used successfully to achieve
selective area n- and p-type doping, isolation, and an all implanted transistor. In this paper
we review recent developments in ion implantation processing in the II-V nitrides and
present results for the first GaN Junction Field Effect Transistor (JFET). The JFET was
made with implanted p- (Ca) and n-type (Si) dopants.

Previously we have reported on the realization of n- and p-type ion implantation
doping of GaN with Si and Mg+P implants, respectively [1-3]. That work demonstrated

the necessity of an activation annealing temperature of 1100 °C for GaN. In addition, the
ionization energies of Si and Mg were shown to be ~25-60 meV and ~170 meV,
respectively [3]. These relatively large ionization energies limit the number of free carriers
at room temperature due to the exponential nature of the ionization process as related by the
Boltzman factor, exp(-E,/kT), where E, is the ionization energy, k is Boltzmann’s
constant, and T is the absolute temperature. Therefore, it is worthwhile to study other
dopant species to search for elements with shallower ionization energies, particularly for
the acceptor species.
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In this paper, we present results for implant doping of GaN with Ca and O. Ca had
been theoretically suggested to be a shallow acceptor in GaN [4] while O is thought to play
arole in the background n-type conductivity of GaN [5,6]. The redistribution properties of
these elements during the implant activation anneal is also studied. Finally, processing
details and device results are given for an ion implanted GaN JFET.

EXPERIMENTAL APPROACH

The GaN layers used in the experiments were 1.5 to 2.0 pm thick grown on c-plane
sapphire substrates by metalorganic chemical vapor deposition, (MOCVD) in a multiwafer
rotating disk reactor at 1040 °C with a ~20 nm GaN buffer layer grown at 530 °C [7]. The
GaN layers were unintentionally doped, with background n-type carrier concentrations <
5x1016 cm3. The as-grown layers had featureless surfaces and were transparent in the
visible with a strong bandedge luminescence at 3.484 eV at 14 K.

40Ca or 160 ions were implanted at a dose of 5x1014 cm2 at energies of 180 or
70 keV, respectively, to place the ion peak roughly 100 nm from the surface. One Ca-
sample was also implanted with 31P (130 keV, 5x1014 cm2) to study the effect of co-
implantation, which has been shown to be required to achieve p-type conduction for Mg-
implantation in GaN [1]. SIMS samples were prepared with the same implant conditions
except 180 isotopes were used to reduced interference problems with background 160 and
improve the sensitivity of the SIMS analysis for O. Samples were annealed for 10to 15 s
in flowing N2 in a SiC coated graphite susceptor between 900 and 1150 °C to study the
electrical activation and redistribution of the dopant species.
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FIG 1. Sheet resistance versus annealing temperature for Ca-implanted GaN with and
without a P co-implant. Both the Ca-only and Ca+P samples convert from n-to-p type after

a 1100 °C anneal.

Although there had been a theoretical suggestion that Ca may be a shallow acceptor in
GaN no experimental results had been reported on Ca-doping in GaN until recently [4, 8].
Figure 1 is the electrical activation data for Ca-implanted GaN with and without the P co-
implantation. An unimplanted and annealed sample is included for comparison. Both the




Ca-only and the Ca+P samples convert from n-type to p-type after a 1100 °C anneal while
the unimplanted samples remain n-type. This is slightly higher than the temperature
required to achieve p-type conduction in Mg+P implanted GaN [1] and may be the result of
more 1mp1antat10n induced damage associated with the heavier Ca-ion. The acceptor
activity is seen to continue to increase after annealing at 1150 °C with the P co-implanted
sample having a 43% lower sheet resistance and a correspondingly higher sheet hole

concentration (1.57 versus 1.14x1012 cm'2). Under the same annealing conditions, the
unimplanted sample remains n-type with a slight decrease in sheet resistance that may result
from the creation of additional N-vacancies or the depassivation of other n-type impurities. -

The Hall hole mobility of the Ca-only and Ca+P samples was ~7 cm2/Vs after a 1150 °C
anneal which is in the range reported for epitaxial Mg-doped GaN [9, 10].

Figure 2 is an Arrhenius plot of the sheet hole concentration of the 1150 °C annealed
Ca-implanted sample along with data for a Mg+P implanted sample annealed at 1100 °C.

Aleast squares fit to the data gives an ionization level for Ca of 169+12 meV that is very
close to the 171 meV for the Mg+P implanted sample [3].
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FIG 2. Arrhenius plot of the sheet hole concentration for Mg+P and Ca implanted GaN
annealed at the temperatures shown. The fitted ionization energies are listed on the graph.

Using the measured sheet hole concentration and ionization energy, the free hole
concentration can then be determined from Eqns 1 through 3 [11]:
- N
Na = 5 ¢y

1+g exp(—————EAkTI‘EF )

where N, " is the concentration of ionized acceptors, N, is the total acceptor concentration
which can be related to the implant dose [12], and g is the ground-state degeneracy
(assumed to be 4). The free hole concentration is then given by:




p=Ny exp(_E_Fi) )

kT
where N, is the valence band density-of-state defined as:
3/2
2nmp kT
Ny = z(h—g) 3

Taking the hole effective mass (m,) as 0.8m, [13, 14], the valence band density-of-states is

calculated to be 1.18x10" cm™. For the Ca+P samgle annealed at 1150 °C with a

measured sheet hole concentration of 1.57x10'? cm® the free hole concentration is

calculated to be 1.12x10"” cm™. This will be an average value for the implanted region.

Converting this back to a sheet density by dividing by two implant straggles (~90% of the -
implant profile) or 0.15 pm, gives p, = 1.68x10'> cm® By now dividing by the implant

dose (5x10" cm™), we estimate only 0.3% of the implanted Ca-ions are jonized at room

temperature.

We now turn to the redistribution properties of Ca in GaN during the high
temperature activation anneal. Figure 3 shows secondary ion mass spectrometry (SIMS)

profiles for Ca-implanted GaN as-implanted and annealed (1125 °C, 15 s). No measurable
redistribution has occurred during the anneal. This sets an upper limit on the diffusivity of

Cain GaN at 1125 °C of 2.7x10™ cm?/s.
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FIG 3. SIMS profiles of Ca-implanted GaN either as-implanted or after a 1125 °C, 15 s
anneal.




O IMPLANTATION

Figure 4 is an Arrhenius plot of the resistance/temperature product of O-implanted
GaN annealed at 1050 °C along with data for an unimplanted and annealed (1100 °C) GaN
sample. For n-type conduction, an Arrhenius plot of the resistance/temperature product is
thought to be more appropriate to account for the potential presence of two band conduction
in GaN [15]. O is seen to have an ionization level of 28.7 meV. A similar analysis of Si-
implanted GaN yielded an ionization energy of 29 meV [2]. Following a similar treatment
as for Ca above, the conduction band density-of-states is calculated to be 2.28x10' cm?®
assuming m, = 0.2m,_ [14]. The free electron sheet density is then calculated to be
5.73x10™ cm? which corresponds to 1.1% of the implanted O being ionized at room
temperature. The low activation of O may be the result of the lighter O-ion not creating
sufficient lattice damage, and therefore N-vacancies, for the O to occupy a substitutional N-
site. This situation may be improved in the future by using a co-implantation scheme. The
low apparent O activation may also be explained by the existence of a second deep level for
O in GaN that is associated with an oxygen complex. If this were the case, the electrons in
the deep level would remain unionized at room temperature and not contribute to the
measured electron density. Note that the unimplanted and annealed material has an
activation energy for conduction of 335 eV.
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FIG 4. Arrhenius plot of the resistance/temperature product for O-implant and unimplanted

GaN annealed at the temperatures shown for 15 s. The estimated ionization energy for
each sample is shown on the graph.

Figure 5 shows SIMS profiles for O-implanted GaN as-implanted and annealed
(1125 °C, 15 s). Here again, no measurable redistribution has occurred during the anneal.
This sets an upper limit on the diffusivity of O in GaN at 1125 °C of 2.7x10™ cm?s.
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FIG 5. SIMS profiles for O-implanted GaN either as-implanted or after a 1125 °C, 15 s
anneal.

ION IMPLANTED GaN JFET
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FIG 6. Schematic of ion implanted GaN JFET (Drawing not to scale).

Figure 6 shows a schematic of the ion implanted GaN JFET structure [16]. The key
processing steps are as follows: 1) selective area ion implantation of the n-channel (28Si:
100 keV, 2x1014 cm-2) and p-gate 40Ca (40 keV, 5x1014 cm2), 2) sputter deposition of
300 nm of W gate contact metal, 3) RIE gate contact patterning using an SF¢/Ar plasma, 4)

selective area, non-self-aligned 283 ion implantation of the source and drain regions, 5) a
1150 °C, 15 s rapid thermal anneal to activate the implanted dopants, 6) ECR-plasma
etching of ~50 nm of p-GaN from the source and drain regions using a BCI3/H2/Ar
chemistry [17] 7) deposition of Ti/Al (20 nm/ 200 nm) ohmic metal, and 8) 500 °C, 15 s
ohmic alloy. This structure minimizes the gate capacitance often associated with JFETs by
self-aligning the p-type gate to the gate contact metal [18]. In addition, since the doping
was done in selective areas, device isolation was realized via the semi-insulating properties

of the GaN substrate. That is, no implant isolation or mesa etch isolation was required to
isolate these devices.
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FIG 7. Auger depth profiled of 50 nm thick W on GaN either a) as deposited or b)
after a 15 s, 1100 °C anneal. W indiffusion is estimated to be 100 A after annealing.

An important feature of this device structure is that the W-gate contact is in-place
during the high temperature implant activation anneal. This will allow for self-aligned
source-and-drain implants as has been demonstrated in GaAs JFETs (18,19). However,
this approach also requires that the W not spike down through the p/n junction during the
anneal. Figure 7 shows Auger depth profiles for S0 nm thick W on GaN either as

deposited or after a 1100 °C, 15 s anneal. By comparing the two profiles, we estimate that
after annealing the W has diffused into the GaN by only ~100 A while Ga and N are
diffusing out into the W over a distance of ~300 A. Therefore, the Auger data
demonstrates that the W/GaN interface is sufficiently stable during the implant activation
anneal since the junction depth is expected to be near 450 A and it is the indiffusion of W
that could short the junction. This annealing data also demonstrates the extreme thermal
stability of this gate structure for high temperature device operation.

DEVICE RESULTS
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FIG 8. Room temperature I, versus Vs curves for the first GaN JFET (Vg starts at 0V
with -1 V steps). The JFET is 1.7 um x 50 pm.




Figure 8 shows the room temperature IDS versus VDS curves for varied gate biases
and Ing/g,. versus Vg for a~1.7 pm x 50 gm GaN JFET with a 4 pm source-to-drain
spacing. The JFET demonstrates good modulation characteristics with nearly complete
pinch-off at a threshold voltage of approximately -6 V for VD§ = ~7 V. The reverse

breakdown voltage of the gate junction is estimated tobe ~35 V.
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FIG 9. a) measured and b) simulated I, and g, versus V fora 1.7 pm x 50 pm GaN
JFET. The simulation assumed it = 150 cm?/Vs and v, = 2x10’ cm/s.

Figure 9 shows measured and calculated curves for I and g_ versus V .« For Vi
=25V, a maximum transconductance of 7 mS/mm was measured at VGS = 20V with a

saturation current of 38 mA/mm at VGS = 0 V. This is in good agreement with the

simulated data where a value of 150 cm?/Vs was assumed for the electron channel mobility.
Four-probe measurements of the source resistance gave Rg = 500 Q. Although this value

of R, is extremely large, it only accounts for a 20% reduction in the external
transconductance with respect to a corrected internal transconductance of 8.5 mS/mm. This
high resistance is attributed to the region between the ohmic contact and the channel since
transmission line method (TLM) test structures using the same source and drain implants

on GaN witness pieces gave a value of the specific contact resistance of ~1x10—5 Q—cm2

[3]. This access resistance can be substantially reduced by optimizing the source and drain
implant conditions and by self-aligning these implants to the gate contact metal. A second
possible cause of the low transconductance is low electron mobility in the implanted

channel region. This is supported by the simulation fit for 1, = 150 cm?Vs since an
epitaxial GaN MESFET would have an electron miblity in the range of 300 to 400 cm?/Vs.
If this is the case, optimization of the implant activation process should lead to improved
mobilities. In addition, optimization of the epitaxial GaN layers for maximum electron
mobility, as has been done for epitaxial FETs, should result in improved JFET
performance. Atroom temperature this device demonstrated a unity gain cut-off frequency
of 2.7 GHz and a maximum oscillation frequency of 9.4 GHz. These frequency metrics
are comparable to similar dimension epitaxial GaN MESFETs [20].




CONCLUSION

Jon implantation can be expected to play an enabling role in advanced devices based
on III-Nitride materials. In this paper, we have reported results for implantation doping of
GaN with Ca for p-type and O for n-type conduction. Ca is seen to have an estimated
ionization energy of 169 meV which is similar to that of Mg, the only other acceptor with
E, <200 meV. Both Ca and O where shown to display no measurable redistribution for an

RTA at 1125 °C. The first GaN JFET was also report which also represents the first III-
Nitride based device fabricated with ion implantation doping. The GaN JFET

demonstrated DC and f performance equvalent to a similar gate length epitaxial GaN
MESFET.
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