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We report on the realization of a GaN high voltage vertical p-n diode
operating at > 3.9 kV breakdown with a specific on-resistance < 0.9
mQ.cm’. Diodes achieved a forward current of 1 A for on-wafer, DC
measurements, corresponding to a current density > 1.4 kA/cm®. An
effective critical electric field of 3.9 MV/cm was estimated for the
devices from analysis of the forward and reverse current-voltage
characteristics. This suggests that the fundamental limit to the GaN
critical electric field is significantly greater than previously believed.

Introduction: The performance of Si-based power electronics is nearing
its fundamental theoretical limit. Ever-accelerating demand for larger
power density has prompted the development of semiconductors with
much wider band gap energy (E,) for power electronics because wide
band gap materials such as SiC (3.25 eV) and GaN (3.45 eV) can
handle much greater power density compared to Si. Comparisons of
high voltage diode performance across different semiconductors is
captured in the unipolar figure of merit (UFOM) V;,FZ/R,,,W, = g,uE(.,.if/4,
where V3, is the breakdown voltage, Ronsp is the specific on-resistance, ¢
is the dielectric constant, u is the electronic mobility, and E. is the
critical electric field. The semiconductor E,,; is expected to increase as
Egz'5 [1], which implies that R,,, decreases as Eg'” for given ¢ and .
Thus, the much larger E, of SiC or GaN supports a much larger current
density compared to Si. The availability of SiC bulk substrates has
enabled the commercialization of SiC-based Schottky diodes operating
near 2 kV. Similarly, rapid development of GaN substrates has stoked
burgeoning interest in developing GaN power diodes [2—11] because
GaN diodes have the potential to outperform SiC devices at a given V},
owing to the larger u and larger E,,;, for GaN.

In this letter, we report the realization of high voltage vertical GaN p-
n diodes with Vs> 3.9 kV and Ronsp < 0.9 mQ.cm’. Compared to our
earlier efforts in GaN p-n diodes [9], improved V}, was achieved by
utilizing a simplified and more effective junction termination extension
(JTE) design along with a thicker diode drift region. Devices with 300
pm diameter demonstrated current-carrying capacity greater than 1 A,
corresponding to a current density (J) greater than 1.4 KkA/cm?®.

Experimental results: GaN p-n diodes were grown by metal-organic
vapor-phase-epitaxy (MO VPE) on 2-inch diameter bulk GaN substrates
obtained from Ammono with a nominal threading dislocation density <
10° cm? and n-type resistivity between 102 to 10® Q-cm. The lightly
Si-doped drift region consisted of a 30 um thick GaN epilayer with a
net donor density less deep acceptor density (Ny — N,) ~ 3 x 10 cm™.
Diode growth was completed with a 400 nm thick p-type GaN:Mg
epilayer with a resistivity of 0.9 Q-cm and a 12.5 nm thick, heavily
doped p-GaN:Mg epilayer. Diodes were fabricated by depositing either
150 pm or 300 um diameter Pd/Au ohmic contacts on the p-GaN. A
JTE extending either 50, 75, or 100 um outside the p-contact was
formed using nitrogen ion implantation to render the p-GaN electrically
insulating except for a thin strip of partially compensated p-GaN just
above the metallurgic junction [9]. The lateral extent of these bilayer
JTE regions was not found to be critical to device performance, which
suggests the thickness of the partially compensated p-GaN layer in the
JTE governed Vj,, as previously reported [9]. Individual devices were
isolated by creating a 150 nm deep and 10 um wide trench that was
etched into the p-GaN prior to implantation along the periphery of the
JTE. Devices were covered by a 500 nm thick silicon nitride layer for
surface passivation. The ohmic n-contact was formed on the bottom of
the GaN substrate by a Ti/Al/Ti/Ni/Au metal stack to complete the
device. Further details of the device design have been given previously

[9].
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Fig. 1 DC I-V for a 3.9 kV diode in semi-logarithmic and linear scales.
The inset shows the forward current, including a linear fit from which
the differential R, s, was calculated.

Figure 1 shows forward and reverse bias current-voltage (I-V)
characteristics of a 150 um diameter diode. The I-V data were collected
on-wafer at room temperature in a DC sweep with a 25 ms dwell time
using Fluorinert. A sharp and recoverable reverse breakdown was
observed at 3930 V. The turn-on voltage of ~ 4 V is representative of
all the diodes discussed in this study and is rather large compared to ~ 3
V typically reported for other high performance GaN power diodes [2—
4,6-8,11]. This large turn-on voltage likely results from an excess
voltage drop due to non-optimized p-type and/or n-type ohmic contacts
that might not be perfectly ohmic at low applied voltage. Despite this
excess turn-on voltage, the diodes showed excellent differential Ronsp,
which is the quantity that is used to evaluate GaN power p-n diode
forward characteristics [2—11]. The inset of Fig. 1 shows the forward
characteristics and indicates a differential resistance corresponding to
Ron.sp of 0.86 mQ.cm®. The specific on-resistance was calculated using
the area of the p-contact and neglecting lateral current spreading. This
simplification is typical for calculating R,,, for kV-class GaN diodes of
similar physical area and drift region thickness due to the lack of
reliable estimates of lateral current spreading from device simulation
[7,8]. This value of R, compares very favorably to other reports for
3.7 — 4.0 kV GaN diodes ranging between 2.8 — 3.0 mQ.cm’ [2,3].
Achieving such a low differential R, s, in a 3.9 kV device demonstrates
that epitaxial GaN growth by MO VPE can successfully balance the low
doping levels required for high voltage diodes against compensating
background impurities such as carbon that increase on-resistance [11].
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Fig. 2 DC forward I-V for a 300 um diameter 3.5 kV diode. The
current reaches 1 A, corresponding to > 1.4 kd/em? current density.

High voltage GaN diodes targeting > 3.3 kV applications must show
a pathway toward large current, i.e. large device area, to demonstrate
technological viability. Fig. 2 shows on-wafer, room temperature DC

[



forward /- characteristics of a 300 yum diameter diode = 0.07 mm?’ area
with V7, = 3.5 kV. The diode sustains 1 A of DC forward current,
which corresponds to J > 1.4 kA/ em’. While this DC current is small
relative to 600 — 1200 V GaN power diodes [10], it compares well to
the best results for 3.8 — 4.0 kV GaN diodes with similar device areas of
0.055 — 0.125 mm® [2,3]. It is anticipated that the 3.5 kV, 0.07 mm®
device demonstrated here could achieve significantly higher forward
currents beyond 1 A in pulsed I-V testing, which is more relevant to
device utilization in a switched circuit.

The observation of very low Rousp = 0.86 mQ.cm® for the 3.9 kV
diode has significant implications for the prospects of GaN-based power
electronics. The electrical performance of high voltage diodes are often
assessed by plotting R, versus Vi, as shown in Fig. 3, which
compares the datum from this study to other reported data for GaN p-n
diodes. Such experimental data are bounded by fundamental material
properties reflected in the UFOM, shown as lines in Fig. 3 for u = 1500
em*/V's [7] and different values of E... The critical electric field for
GaN is commonly estimated to be 3.0 — 3.7 MV/cm [11]. However, the
data in Fig. 3 indicate an effective E, of 3.9 MV/cm realized in the
devices in this study. Considering that the UFOM assumes an idealized
planar geometry that neglects the challenge of controlling lateral
electric fields in real devices, it is likely that the fundamental E,,; for
GaN is significantly larger than 4 MV/cm. Thus, the fundamental limit
to performance of GaN-based power electronics could be > 2x greater
than previously thought, given the l/E(.,.i,3 dependence of R, for a
given Vj. Indeed, we note that the characteristic UFOM value
corresponding to the 3930 V, 0.86 mQ.cm® diode reported in this study
is 18.0 GW/em”. To our knowledge, this is the largest UFOM reported
for GaN p-n diodes at any Vj,.
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Fig. 3 Comparison of GaN p-n vertical diode performance reported
here to that from previous reports. A critical electric field of 3.9
MV/cm determined in this study exceeds previous estimates.

Another important upshot to these results is that a larger E,,; greatly
ameliorates the critical challenge of attaining controllable low doping
for the drift layer. For the idealized planar diode, V}, = SE(.,.i,z/Zq(Nd -
N,). Thus, Vi, = 12.7 kV is expected for a planar geometry with E.;; =
3.9 MV/ecm and (N — N,) = 3 % 10" cm®. However, the best
performing device achieved only one third of this ideal V3. This
implies that the breakdown mechanism was not due to avalanche
processes initiated in the drift region but rather was due to breakdown
related to the distribution of the electric field in the JTE. Thus, V3. =
3.9 kV apparently could have been achieved with (N; — N,) =1 x 10"
cm” in the drift region. This is of great practical importance because
(Na = No) ~ 1 x 10" cm” is readily achievable for MOVPE GaN, but
achieving controllable (V; — N,) that is significantly lower than 1 X
10" cm? is challenging because N, is often ~ 0.5 — 1 x 10" em™ due to
unintentional incorporation of impurities such as carbon [8,11].

Conclusion: GaN vertical p-n diodes with V, =3930 V and Ronsp =
0.86 mQ.cm” have been demonstrated. Diodes with 300 um diameter

achieved a DC forward current of 1 A, corresponding to a current
density > 1.4 kA/cm®.  An effective E.i; ~ 3.9 MV/cm was estimated
from the device I-V characteristics, which is significantly larger than
was previously anticipated for GaN. Such a large E..; simplifies the
challenge of achieving controllably low doping the drift layer and
suggests that the fundamental limit to the power density achievable by
GaN-based power electronics could far exceed previous expectations.
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