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Abstract \:\ [

To mimic selective-area doping, p-GaNwaswegrown on an etched GaN surface on GaN
\
substrates by metalorganic chemical a,% osition. Vertical GaN-on-GaN p-n diodes were
~
fabricated to investigate the effecw etch-then-regrowth process on device performance.
The crystal quality of the samp \ﬂ'a;c‘&ch epitaxial step was characterized by X-ray diffraction,
where the etch-then-regrowtheprocess led to a very slight increase in edge dislocations. A

regrowth interfacial ayer clearly shown by transmission electron microscopy. Strong

electroluminesce{bw\ai érved with three emission peaks at 2.2 eV, 2.8 eV and 3.0 eV,
rw

respectively, Q ard current density increased slightly with the increasing temperature,

while the% 91 ent density was almost temperature independent indicating tunneling as the
=

revers transgort mechanism. This result is very similar to the reported Zener tunnel diode

-
c‘@isg a high doping profile at the junction interface. High levels of silicon and oxygen

R’cg&trations were observed at the regrowth interface with a distribution width of ~100 nm.

This work provides valuable information of p-GaN regrowth and regrown GaN p-n diodes,
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Publishiwgich can serve as an important reference for developing selective doping for advanced GaN

power electronics for high voltage and high power applications.

*Email address: yuji.zhao@asu.edu
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Publishing  Gallium nitride (GaN) power devices have become one of the most promising candidates
for applications in power electronic systems, offering remarkable improvements in energy
conversion efficiency, switching frequency, and system volume.'" As one of the most important
fundamental building blocks of semiconductor electronic devices, fn junctions, created by
doping methods using ion implantation, diffusion of dopants, r%itaxy, are also of great
importance in fabricating GaN power devices. However, altho%g{ e doping methods are
mature and commonly used in silicon (Si) and gallium ais: QefGaAs) devices, they are still
difficult to implement for GaN, especially regarding p-type dobing. It was found that GaN was
not very resistant to ion beam disordering and t is(;u;obla’ became more severe at higher dose

| -
ion implantation.* Currently it is still difficult to_maké'good ohmic contacts on the p-GaN by ion

implantation.’ For diffusion of dopants, %&mding of this process in GaN is also in its
i

infancy. The high density of disloca \ﬂs)r}\ N can strongly affect the effective diffusion

penetration depth and surface M n becomes significant during high temperature

annealing, which makes the dimthod also difficult for GaN.® Epitaxy on GaN substrates

may partly solve these iéﬂ to the reduced dislocation density in the materials and doping
e

during growth iy‘ct&?ot effective way to get well-controlled doping. Moreover, to
fabricate high- er)fo}{ce aN power devices and integrated-circuits, selective-area doping is

indispensable. Hewever, very few results have been reported on selective regrowth of GaN p-n
£
t

diodesand hySical mechanisms are still not clear,”'? especially on regrown p-GaN.'! In this
work, imic the selective-area doping, p-GaN was regrown on unintentionally doped (UID)
GaN with etched surface. The crystal quality, surface roughness, and regrowth interface were

>e§ffgated. Vertical GaN-on-GaN p-n diodes were also fabricated to investigate the effects of

the etch-then-regrowth process on device performance.
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Publishing  The samples were homoepitaxially grown by metalorganic chemical vapor deposition
(MOCVD) on c-plane n*-GaN free-standing substrates with a carrier concentration of ~ 10'®
cm > from Sumitomo Electric Industries Ltd. The growth temperature was ~ 1040 °C and
hydrogen (Hz2) was used as the carrier gas. 2-um-thick UID-GaN epildyers were first grown on

the substrate and then etched away 500 nm by inductively cou ed})l
or

thick p-GaN layer, with a Cp2Mg flow rate of 0.15 pmol/min, wa

ICP). A 900-nm-

n on the etched surface.

The activation of the regrown p-GaN was carried out by rapidihermal annealing at 700 °C for 20
—

min in N2 ambient. The schematic structures and the regregth p}pcess are shown in Fig. 1.

-

[ -
(002) and asymmetric (102) reflections for tl’w n sample. The full-width-half-maximum

(FWHM) for the (002) and (102) plané\‘%ﬂ) arcsec and 27.0 arcsec, respectively. The
10

dislocation density was estimated to b 3’“57<

Figure 2(a) shows X-ray diffraction (XRD) ega)rocking curves (RCs) for symmetric
gr

L m 2 which is much smaller than that of typical
GaN-on-sapphire epilayers.'? F'gu&%&{ ows FWHM of (002) and (102) RCs of each step,
including after the UID-GaN, a% etching and after the regrown p-GaN. A very slight
increase of the (102) F 1\/&5 observed, which indicates that edge dislocations were affected
by the etch-then-r %r céss.!*!* The root-mean-square (RMS) surface roughness of the

regrown p-Ga %s *6 nm measured by Bruker’s Dimension atomic force microscopy (AFM)

processes, Th) sample was first cleaned in acetone and isopropyl alcohol under ultrasonic and
th dip&d in hydrochloric acid to remove native surface oxides before metal depositions.

%Au (10 nm/20 nm/50 nm) metal stacks were deposited by electron-beam evaporation for

p-GaN ohmic contacts. Mesa isolations, with diameters ranging from 90 pum to 210 pm, were
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Publishifegined by the chlorine-based ICP dry etching with an ICP power of 400 W, a RF power of 70 W,
and a pressure of 5 mTorr. Ti/AI/Ni/Au (20 nm/130 nm/50 nm/150 nm) metal stacks were also
deposited by electron-beam evaporation for n-GaN ohmic contacts on the backside of the GaN
substrate. Current-voltage (/-V) and capacitance-voltage (C-V) cha(r//cteristics were measured
using a Keithley 4200-SCS parameter analyzer, and breakdown ¢ ra%ristic were measured by

a Keithley 2410 sourcemeter. \

During the forward /-V measurements, strong visible’ eleetroluminescence (EL) was
—

observed, as shown in Fig. 3. Three EL peaks were ound?t 2.2 eV, 2.8 ¢V and 3.0 eV,

respectively, by fitting the EL spectrum using algsian %uations. The schematic of transition

| -
ig. 3. The 2.2 eV peak was related to the

processes for these peaks are shown in the t of
well-known yellow luminescence in Ga 1s due to capture of conduction band electrons
by a deep acceptor level centered at 2. kaelo the conduction band edge (CBE).!* The 2.8 eV
peak originated from the donor- ac ir (DAP) luminescence, i.e., the transition from a
deep donor level (~ 0.4 eV below\CBE) to the Mg acceptor level which is ~ 0.2 eV above

valence band edge (VB ‘6%)6 3.0 eV peak was due to the transition from the deep donor to

the VBE. The E s{{y e regrown p-n diode is much lower than that of the as-grown
diode indicatin t a regrown interface contains many non-radiative recombination centers.
Fi and 4(b) show temperature-dependent /-}" curves of the regrown p-n diode.

The lt g’e was 3.7 V extracted from linear extrapolation. It is a little larger than that of

a typicalas- g))wn GaN p-n diode, which could be due to the high recombination current, along
with_ a harge series resistance and minor shunt leakage currents.!""!® The non-radiative
?n”lbination centers at the regrowth interface also lead to an abnormally larger ideality factor

of over 5. The forward current density increased slightly with the increase of temperature, while
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Publishithg reverse current density was almost temperature independent indicating that tunneling is the
dominant process in the reverse transport mechanism. This behavior is similar to the reported
Zener tunnel diode consisting of a p*-n" junction.!” The origin of n*-GaN layer in the regrown p-
n junction could be attributed to the high Si concentration at the regrg«'th interface.”® This will

be investigated in detail in the following section. We observed afslight decrease of differential

on-resistance with the increasing temperature in Fig. 4(c). On-resistance'is inversely proportional

to electron mobility and carrier concentration. Since the e ?o'n'-mobility is reduced at high
—

temperatures due to the enhanced phonon scatterin thisSsuggests the increased carrier

L -

concentration caused the decrease of on-resistance gthe e‘lyvated temperature.?’ This also led to
B\\’slopes of forward temperature-dependent

the decrease of ideality factor due to the chan

I-V curves. In Fig. 4(d), the reverse lea%nts were normalized by the mesa area with
a

diameters ranging from 90 pm to 210

\.l} wa found that the area-normalized leakage currents
were almost the same at all voltages \{ rent diameters, showing that the leakage current was
proportional to the area of the demhis indicates the major leakage contributor was the bulk
leakage current, instea@ﬁimeter or sidewall leakage where the leakage current is
proportional to the di ofer. y

Figures S a%how C-V curves of the regrown p-n diodes with various diameters at
10 kHz, 1 O%ﬂ\and 1 MHz, respectively. The frequency dispersion of the capacitance is
indica ive\éq/%zfs distributed in the material. The area dispersion of the capacitance was also
observed at INHZ, while this was not found at lower frequencies of 10 kHz and 100 kHz. This
co res}lt from the increased conductance (not shown here) or leakage due to the decreased

edance at high frequencies. Using one-sided abrupt junction model, the relationship between

capacitance, depletion width and doping concentration can be given by?!
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Publishing o = o
d
Wa (1)
d1/C}) -2
dv ngaN(ND+_NA7+Nt)

2)

d')%;j\c constant of GaN,

Wa is the depletion width, Np" is the ionized donor concentraﬁ;n\ is the ionized acceptor

where Cq is the depletion-layer capacitance per unit area, €caN is t

concentration, N: is the equivalent charge concentration o I‘Mt ibuting to the frequency
—
dispersion of the capacitance. Figure 6(a) shows the ne charg%co centration, (Np" — N4~ + N)),

as a function of depletion width at 10 kHz and 100%kHz fgst e regrown p-n junction. There was

a remarkably high positive charge concent tingfhe order of 10%°-10'7 ¢cm™ when the
depletion width varied from 10 nm to 00\:1'\\&-5 was attributed to the positively charged
S
ionized donors at the interface with a 'sn;%ut width of ~ 100 nm, which is consistent with the
secondary-ion-mass spectrometry S e;ﬂts shown in Fig. 7 and the reported results.”®
These donors were attributed tog%gh Si and oxygen (O) atoms at the regrowth interface. To
further demonstrate thi§, anether sample was also grown with a similar structure to
aforementioned samples, except that a 275-nm-thick UID-GaN layer was regrown first as an
insertion layer b( n the'p-GaN and the etched UID-GaN. Figure 6(b) shows the net charge
concentration ) function of depletion width at 10 kHz and 100 kHz for the regrown p-n
junctionﬂ 1 /the/ ID-GaN insertion layer. The net charge concentration near the p-GaN
decrez&@‘ieveral orders of magnitude since the regrowth interface was now located farther
-~
away froSn the p-GaN. The high positive charge concentration was now moved to ~ 300 nm

?ﬁbre\the regrowth interface was included in the depletion region. These results show that the

etch-then-regrowth process introduced a high donor concentration layer at the regrowth interface.
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Publishing  Figure 8 shows transmission electron microscopy (TEM) images of the regrown p-n
junction. A clear regrowth interfacial layer can be seen between the regrown p-GaN and UID-
GaN. Due to the high Si-donor concentration at the regrowth interface, a thin n*-GaN layer was
formed right below the regrown p-GaN after the etch—then—regrow?/ process. This made the
regrown p-n junction act like a Zener tunnel diode, which expléins‘the tumneling dominated
reverse leakage mechanism in Fig. 4(b). The enhanced local N eld created by high Si
concentration at the interface also led to the premature lz: }ovm-.of the junction and a low
breakdown field of 1.04 MV/cm, which is much lower than the gs—grown sample (~ 3.4 MV/cm).

This high donor concentration layer at regrowt i((ﬂfacﬁcould be useful, such as for n*-type
L -

doping, and should be eliminated in other casesssince itenhances the local electric field.

In conclusion, GaN-on-GaN Veﬂ%;iodes with regrown p-GaN by MOCVD have

been investigated. It was found that t \ﬁh;t‘ n-regrowth process could lead to a very slight
b

increase of edge dislocations as rex&d\

RD, and a clear regrowth interfacial layer by TEM.
EL emission peaks for the reng e were related to the deep donor, deep acceptor and Mg

acceptor. /-V and C-V u@gested that the etch-then-regrowth process introduced a high
donor concentrati? %ye egrowth interface, as confirmed by the SMIS result. This made
the regrown pan cht like a Zener tunnel diode, with temperature independent reverse
leakage. This wark can provide critical guidance for demonstrating advanced GaN power

£
devicesithat oly€ the regrowth process.

)
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PublishiBigure captions

FIG. 1. Schematic structures and regrowth process of p-n junction on GaN substrates.

FIG. 2. (a) XRD omega rocking curves of (002) and (102) re ct@kgrown p-GaN. (b)
(c

FWHMs after UID-GaN, after etching and after regrown p-Ga urface morphology by

AFM (5 pm x 5 pm). ‘)“"'--..
Q
FIG. 3. EL spectrum of regrown p-n junction and p&@ by-S]aussian fitting. The left insert shows

! -
the optical image of the light emission fromw' e under test. The right insert shows the

energy levels in GaN.

7/// /

FIG. 4. (a) Temperature-dependen ward /-V curves and differential on-resistance in linear
scale. (b) I-V curves in logaritﬁ\h\snﬂe and ideality factors as functions of temperature. (c)
Summary of ideality f: tm differential on-resistance as functions of temperature. (d)

Reverse leakage current dénsities vs. mesa diameters.

N\

FIG. 5. C-Vic gof regrown diodes with various diameters at (a) 10 kHz, (b) 100 kHz and (c)

1 MHz. / /

-ﬁ
F(Q‘ft charge concentration as a function of depletion width at 10 kHz and 100 kHz for (a)

hm&n p-n junction without inserting layer and (b) with an UID-GaN inserting layer.

12
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PublishiRE . 7. SIMS profile of regrown p-n junction showing high levels of Si and O atoms at regrowth

interface.

FIG. 8. TEM images of regrown p-n junction.
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