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Fig. 10: Ey as function of dvas/dt obtained with different s (5 A... 20 A)
for different Vg, (100 V... 400V). Esy without (dots) and with (triangles)
Cext follow the same interpolation lines (solid).

on the presence of Cey, different dvs/a¢ are measured for
the same I, however, all the measured points (dots and
triangles) surprisingly align, for each V., along the same
linear interpolating curve (solid) for all the considered range
of dvas/dt, i.e. from 6 V/ns to 47 V/us. It can be concluded that
Ey,, is not only proportional to I, but, more precisely, to
the current flowing in Cogss (or to dvss/at [10]), exactly as if its
charging/discharging process would be lossy.

IV. MEASUREMENTS OF PERMANENTLY TURNED OFF
DUT

To confirm the evidence of a lossy Cyss charging/discharging
process resulting from Section III, the setup described in
Section II-A is now modified introducing a second half-bridge
T3-T4 connected in parallel to the switching half-bridge Tj-
T,, as shown in Fig. 11 (dashed box). Tz and T4 (i.e. the
DUT) are Permanently Turned Off (PTO) applying a negative
DC-voltage —V, between their gate and source terminals,
while the switching half-bridge is operated as described in
Section II-A. Hence, high dv/a¢ square-wave voltage wave-
forms are generated across the drain and source terminals of
the PTO DUT, isolating the loss mechanism associated with
Coss from all the other sources of loss contributing to Py,
(see Section II-C). This measurement setup for the PTO DUT,
featuring voltage waveforms representative of real operating
conditions (see Section II-A), is preferred over others where
sinusoidal voltage excitations are considered (see Section I).

A. Description of the Measurement Setup and Procedure

In order to calorimetrically measure the occurring losses in
the PTO DUT P pro following the procedure described in
Section II-B, the half-bridge formed by the PTO DUT is
mounted on a separate heat-sink constituting a second thermal
system, as shown in Fig. 12. This heat-sink is optimized for
the new range of lower losses, since e.g. P.onapro = 0 W for
definition of PTO, and the whole thermal system is calibrated
accordingly (see Section II-B).

To maximize the measurement accuracy, the influence of
Piot on Py pro should be minimized, i.e. ideally no thermal
coupling between the two half-bridges is desired. For this
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Fig. 11: Schematic of the realized measurement setup consisting of the half-
bridge formed by the PTO DUT T3 and T4 (dashed box) connected in parallel
to the switching half-bridge T;-T,. Ty and T, generate high dv/da¢ square-wave
voltage waveforms across the drain and source terminals of T3 and Ty4.

Fig. 12: Picture of the realized measurement setup for the PTO DUT. On
the right hand-side PCB, the switching half-bridge is highlighted. On the left
hand-side PCB, the half-bridge formed by the PTO DUT separated by the
interconnection circuit from the switching half-bridge is visible (see Fig. 13).

reason, the possibility of attaching the half-bridge formed by
the PTO DUT on the same heat-sink of the switching half-
bridge is discarded. Nevertheless, the electrical connection
between the half-bridges is necessary for the correct operation
of the setup, i.e. their thermal coupling can, in reality, only
be minimized. Long and narrow interconnections between the
half-bridges would surely limit their thermal coupling, but
as well introduce significant parasitic inductances Lpa,. The
resonant network formed by Lpar, in combination with Cyg of
the PTO DUT (characteristic impedance Z;, o< +/Lwna/C,) 1S
excited by vgs. Hence, the voltage measured across Ty, labeled
vpro, does not coincide with vgs as desired, but is partially
distorted by a super-imposed voltage oscillation, as visible in
Fig. 11. Since Cy is fixed from the PTO DUT, Ly, defines a
trade-off between distortion of vys and thermal coupling, and
a compromise must be achieved.
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Fig. 13: Different solutions to interconnect the half-bridges; (d) is preferred
since properly adjusting Va5, the reverse conduction of both PTO DUT is
prevented.

Several solutions tested to overcome the above-mentioned
issue, essentially consisting of different circuits suitable for
the interconnection of the two half-bridges, are proposed in
Fig. 13. If no precaution would be taken (i.e. solution (a)
would be adopted) the voltage oscillation present on vpro
would be clamped by the PTO DUT in reverse conduction, not
only violating the assumption of PTO, but as well introducing
additional losses which would need to be estimated and
subtracted. If a resistor (b) of sufficient value, e.g. 2Z;,, or
diodes (c) would be connected as shown in Fig. 12, the effects
of the voltage oscillation could be significantly reduced, but
new sources of loss would be again introduced. An alternative
solution, similar to (c), is therefore proposed herein.
Properly adjusting the voltage Vi, of the voltage source (d),
each PTO DUT can be biased as highlighted in Fig. 14 and
summarized in Table IV for the case of T, and Ty. If Vi 18
selected at least equal to the amplitude of the voltage ringing
characterizing vpro after a turn-on transition of T, (dashed),
vpro > 0V, ie. the reverse conduction of T4 is prevented.
Moreover, since no passive element is present in the circuit,
(d) is ideally loss-less.

Although (d) is effective, two potentially negative aspects
associated with its implementation have to be mentioned:

o During a turn-off transition of T,, while vg4s changes from
0V to Vg, vpro changes from Viias to Ve + Viias, 1.€. Upro 18
unnecessarily shifted of Va5 also during a turn-off transition
of T,. This can be solved replacing V;,s with an opportunely
modulated switched voltage source vpiys (Vpias = 0V before
T, turns off and vpj,s = Viias before T, turns on) or with the
passive network (e). In (e), Chiys is adjusted to build up the
desired Vi, through the capacitive current originated by a
turn-on transition of T, and Ry, to discharge Cl;,s before
the subsequent turn-off transition.

o Since (d) itself does neither limit nor attenuate the voltage
oscillation present on vptp, @ combination of (d) with (b) or
(c) can be additionally considered.

B. Discussion on the Measurement Results

Piotpro 1s measured with the described setup featuring (d) and
for the same operating points considered in Section III. After-
wards, Epro is calculated from Py pro and the obtained results
are provided in Fig. 15 (squares) as function of dvero/dz. Only
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TABLE IV: Nominal vgs and vprg

in (d).
T, state ‘ on off
Fig. 14: Simplified vg; and vpro vas (V) 0 Vi
waveforms highlighting the effect vero (V) | Vbias Ve + Vhbias

of Vpias in (d).

two measurement points are recorded for V4. = 100V, since,
for higher dvero/d:, the required Vi, (proportional to dvero/d:
exciting the resonant circuit) becomes an excessive fraction
of Vi.. Additionally, linear interpolating curves (dashed) are
reported. The range of dvero/dr (x-axis) roughly corresponds
to the one of dvs/at in the measurements performed with
Cext = 100 pF, since each PTO DUT has the same impact as
Cext On the transistors forming the switching half-bridge (and
Cext = Cyss). In fact, in order to avoid an excessive reduction
of dvero/at, only a single PTO DUT per side forms the half-
bridge T3-Ty, as visible in the thermal snippet of Fig. 15. More
than one PTO DUT connected in parallel would increase the
sensitivity of the measurements, but also further reduce the
occurring dvero/dt, unless Iy, is not increased. The result of the
linear interpolation of Ej, for V. = 400V (see Section III)
is additionally reported in Fig. 15 (solid) as function of dvas/az
to compare the two experiments.

Although FEpro is lower than Eg, in the same operating
conditions (this is consistent for all Vg, cf. Fig. 10), a
significant fraction of Ey,, generally from 50 % (from 70 % in
the case of V. = 400 V) to 90 %, is still observed in the PTO
DUT. It can be concluded that the Cyg charging/discharging
process itself has a major impact on the losses occurring in
soft-switching operation. These results are in good agreement
with the findings presented in [10], where comparable Epro
(especially if normalized with respect to Cyg) are measured
for the same Vg and dvero/d: on a similar PTO DUT.

The following causes can explain the discrepancy between Ejy,
and Fpro:

« Additional loss mechanisms related to the conduction of 79,4
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Fig. 15: Epro as function of dvero/dt obtained with different Iy (5 A... 20 A)
for different V. (100 V... 400 V). Epro (dashed) constitutes from 70 % to
90 % of Egw (solid) in the case of Vg, = 400V.
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may occur in switching operation, whereas not being present
in the PTO DUT.

e Opext associated with the switching half-bridge, e.g. in the
case of the V-I overlap losses, is limited. In fact, it relies
on circuit simulations which potentially underestimate their
impact, finally resulting in overestimating FEj,, according to
(5).

« As a consequence of the selected interconnection circuit (d),
VpTO = Ugs + Vbias during a turn-off transition of T,. Even
if the amplitude of both vprg and wvys square-wave shaped
waveforms is Vy. (excluding the voltage oscillation), the
non-linearity of Cys, in combination with the voltage offset
Vhias, might be to a large extent responsible for the loss
mismatch. In fact, Cy; is significantly larger at low voltage,
e.g. Cos(0V) = 3C,(30V) [17], ie. in the voltage
range not covered by wvprg. Thus, since the investigated
loss mechanism involves the charging/discharging process of
Coss, it is legit to expect that the voltage range characterized
by the highest amount of charge has the highest impact on
Epro.

The previous assumption is confirmed with two experiments.
First, repeating the measurements for different V4, (higher
than the limit defined by the voltage ringing), it results
that Epro decreases inversely proportional to Vi for the
same Vy.. Second, considering the interconnection circuit
(e), Epro approaches E,. However, (e) requires to adjust
Chias in each operating point and the overall effort of the
measurement procedure significantly increases. Employing
(d), this issue is only partially mitigated in the turn-on
transitions of T,, adjusting Viiss such that vpro reaches
0V (including the voltage oscillation). Nevertheless, (d) is
still considered the best solution among the ones shown in
Fig. 13.

At the expense of a modified dvero/az, a switching half-
bridge generating a sinusoidal, rather than a square-wave,
vgs voltage waveform could as well alleviate the issue.

o The voltage oscillation visible in vprg is well damped after
every switching transition from the resistance of the con-
nections between the half-bridges (e.g. PCB copper tracks
and interconnection circuit), i.e. a second source of loss
contributes to Epro. To compensate for this, the energy
stored in the resonant network Lpa,-Coss i estimated from
Coss and from the amplitude of the first peak of the voltage
oscillation present on vprp, and subtracted from P pro.
This implicitly considers the worst-case assumption that all
the energy stored in Lpu,-Coss is dissipated in the PTO
thermal system, which ultimately leads to a slight reduction
of EPTO-

To better understand the origin of FEpro, a simplified loss
model can be derived. As anticipated in Section II-A, each
soft-switching transition can be described with an equivalent
circuit formed by a current source Iy, charging/discharging
the parallel connection of the Cys from OV to Vg, in a time
t = Vgc(dv/at) 7L If a certain Ry is assumed to justify the
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evidence of losses, the occurring Epro would result as

I\’ I
EPTO,R ~ Ross (;W> t= Rosscoss,QV:ic% (6)

(neglecting any other capacitance present in the circuit). Equa-
tion (6) is calculated computing the energy dissipated by a
resistor R, when a lossy capacitor Cyg o (calculated at V)
is charged from OV to V. by a current source Iw/2. This
model can explain the linear trend of Eppo with respect to Iy,
(or dvrro/dt) and the increasing slope of the interpolating curves
with increasing Vg.. It must be noticed that Cyg decreases
non-linearly with increasing Vg, as described in Table I, thus
partially compensating the increase of the slopes. Additionally,
with a properly adjusted value of R, this model can as well
reproduce the hysteresis curves of Cys measured in [10].

On the other hand, unfortunately, this model is too simplistic to
give any insight on the non-zero intercepts of the interpolating
curves (dashed), which can be visualized extrapolating them
towards dvrro/de = 0 V/ns. It is obvious that Epro should be 0J
at this point, but this is even not of any practical interest, since
outside the range of typical dv/d: of soft-switching converters.
Moreover, it is interesting to notice that, if Eprg is normalized
with respect to the energy stored in Cogs (.. CossgVec/2), the
dependency of Fpro on Vg practically disappears.
Nevertheless, the proof of a lossy Cyss charging/discharging
process is once more confirmed and an in depth analysis of
the DUT structure is conducted in the next section to investi-
gate the physical reasons, possibly explaining the highlighted
phenomena.

V. HYPOTHESES ON THE ORIGIN OF THE Cs5-LOSSES

Each terminal of the DUT excited by a high dv/a: voltage
waveform during every switching transition, namely source,
drain and substrate, must be analyzed separately to identify
potential loss mechanisms in the device structure, causing the
observed Cy-losses.

An equivalent circuit of the DUT, including the parasitic
capacitors connecting the three mentioned terminals, is shown
in Fig. 16 (a). Additionally, comparing Fig. 16 (a) with the
cross-section of the internal structure of the DUT illustrated
in Fig. 16 (b), the main structural components determining
these capacitors can be visualized. The drain-source capacitor
Cy.s is mainly defined by the inter-metal capacitances between

Field Plate

L
G
—C— Cus

(a) (b)
Fig. 16: (a) Equivalent circuit and (b) cross-section of the DUT illustrating the

main structural components determining the parasitics capacitors Cyg, Cyp.s
and Cd-sb-
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source and drain metals, including the field plate and the two-
dimensional electron gas (2DEG). Cy_ also includes the drain-
gate capacitor Cy.q, considered in parallel to Cy. in a first
approximation. These elements are typically considered loss-
less, as long as the inter-level dielectrics can be assumed nearly
ideal. As well the drain p-GaN region, under the assumption
of PTO, is considered loss-less, since there is no potential
drop applied across it that could cause the injection of holes.
Differently, in the two capacitors from the drain and source
metals to the conductive Si substrate, denominated Cy,¢ and
Cy.sp respectively, the relevant dielectric is the III-N buffer,
which could in principle show intrinsic loss mechanisms in
contrast to traditional dielectrics, as discussed in the following.
The basic role of the epitaxial layers forming the III-N buffer,
is to provide electrical insulation between the substrate (on the
bottom-side) and the lateral GaN channel (on the top-side),
when a non-zero vy is applied to the DUT. Therefore, the
III-N buffer should ideally form a capacitor with no vertical
leakage current [j.. In reality, I, increases with vy but
is limited well below 11nA/mm? for typical static conditions
below 125°C and with vgs < 480V. Consequently, given
a die area in the range of a few mm?2, the contribution of
Tieax to the overall losses in static conditions can be neglected.
Nevertheless, losses occurring in dynamic conditions could
be more significant, depending on the technology selected to
create the III-N buffer.

The complete structure of typical III-N buffers consists of
several layers. At the bottom, an Aluminum-Nitride (AIN)
buffer layer is typically used to nucleate on the Si substrate. On
top of this, several layers are required to compensate for the
thermal expansion mismatch between Si and the remaining I1I-
N buffer (between growth temperature of around 1000 °C and
room temperature), thus providing a base of sufficiently good
quality for the GaN channel [25]. Since the layers typically
used are not intrinsically insulating, deep traps are introduced
through foreign dopants during growth of the III-N buffer.
The most commonly used dopant is Carbon (C), which is
already available from the metal-organic precursor used to
grow III-N layers and, moreover, is fully compatible with
the contamination requirements of the standard fabrication
process of Si CMOS. Even though it is empirically shown that
layers with increased concentrations of C exhibit significantly
lower je., the responsible mechanism is still under discussion.
Additionally, the nature of C-doped GaN (GaN:C) layers is
best described by a lossy (rather than a leakage suppressing)
dielectric, i.e. [ieax is not completely suppressed [26]-[29].
However, this feature seems to offer an advantage in terms of
dynamic conduction performance, by allowing a fast discharge
of the GaN channel and of the III-N buffer from trapped and/or
stored charges, hence alleviating dynamic Rys,, phenomena
[26], [27]. Recently, it has been suggested that C atoms might
also segregate to the structural defects, e.g. threading disloca-
tions or low-angular grain boundaries, which are an inevitable
part of III-N buffers grown on Si. The distance between
these atoms could become sufficiently small to enable direct
defect-to-defect interactions. The results of several electrical
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measurements [28]-[30] suggest the existence of such a defect
band related transport mechanism.

Interestingly, when comparing a single GaN:C-layer, revealing
the isolated leakage behavior of the defect band, with actual
multi-layer III-N buffers, the same exponential dependency
of I« with respect to temperature can be recognized, as
illustrated in Fig. 17 (a) where the measured leakage current
densities Jieak, obtained dividing I, by the dies area, are
plotted as function of temperature for both cases. This result
suggests that the same physical transport mechanism might not
only act in single GaN:C-layers, but that it could also play a
significant role in the real full multi-layer III-N buffer.
Moreover, comparing J.qx in these two cases as function of the
applied electric fields as in Fig. 17 (b), an exponential field
dependency with different pre-factors and offsets is visible.
The presence of an offset clearly indicates that the defect
band transport induced by C doping is actually not the sole
mechanism causing the insulating behavior of the multi-layer
ITI-N buffer. The offset can be best described as an additional
potential drop, whose origin is assumed to be related to the dif-
ferent combination of layers within the buffer, comparable to a
depletion region characteristic of p-n junctions. Moreover, it is
verified that in reverse bias condition, a simple GaN:C/GaN:Si-
layer can guarantee a voltage blocking behavior with very low
Teak [29].

It can be concluded that a single GaN:C-layer is not sufficient
to provide the desired insulating behavior, but an optimized
sequence of different layers forming the full III-N buffer is
required. As a consequence, the resistive behavior of the C-
related defect band, visible in Fig. 17 (b), could be responsible
for a significant fraction of the losses measured in Section IV,
in particular during the formation of the buffer depletion
region. This hypothesis could be relevant in contrast to the
trapping phenomena seen in C-doped buffers. Interestingly,
both the presence of traps and of resistive layers within the
buffer could cause a similar hysteresis of Co, hence justifying
the losses.

" Single GaN:C-Layer
10 e Full III-N Buffer
%100 .
3 0
= GaN:C ° GaN:C £
— 1077 e &
- ° $
E o II-N III-N §
S 100 . £
o1t o0 ag GRS
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Temperature - T' (K) Field - E (MV/cm)
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Fig. 17: Measured Jje,x of a single GaN:C-layer compared to a complete
multi-layer ITI-N buffer as function of (a) temperature and (b) vertical electric
field.
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VI. MEASUREMENTS OF DUT WITH SEPARATE
SUBSTRATE

The evidence of a lossy Cy charging/discharging process,
provided by the experimental results of Section IV, is sup-
ported by the above discussed analysis of the internal structure
of the DUT. Nevertheless, it is still unknown which of the
three capacitors shown in Fig. 16 contributes most to the
observed losses. In the commercial version of the DUT, the
substrate is electrically connected to the source inside the
package, i.e. Cyp. s is shorted and therefore cannot contribute to
Epro. Hence, the main suspects are Cy, associated with the
lateral structure of the DUT and to the field plate, and Cy_gp,
distributed along the vertical stack.

To separate these two potential causes of Fpro, two DUT,
denominated Separate Substrate (SS) DUT, are packaged with-
out the internal connection between substrate and source, and
installed in the half-bridge T; — T4 replacing the PTO DUT.
The PCB is modified inserting eight solder bridges (jumpers)
allowing to connect the source and substrate terminals of both
SS DUT to either the source or the drain terminals of the
transistors forming the switching half-bridge. As an example,
the four jumpers connected to the low-side SS DUT, i.e. Ty,
are illustrated in Fig. 18, where the drain and source terminals
of the low-side transistor of the switching half-bridge, i.e. Ty,
are labeled AC and GND respectively. Ideally, each jumper can
be either open (0) or close (1), i.e. sixteen 2% symmetrical
(between the low- and high-side of the half-bridge formed by
the SS DUT) configurations of jumpers are possible. Several
configurations connect AC to GND, causing the setup to
be inoperable. Thus, only the remaining nine configurations
are reported in Table V, where the numbering defined in
Fig. 18 and the binary coded states of the jumpers are used
to differentiate among them.

Each configuration of jumpers leads to a different equivalent
capacitance between AC and GND, i.e. excited from the
switching half-bridge, which applies vpro between AC and
GND. In first approximation, the additional parasitic capaci-
tance introduced by the open jumpers is not considered, since
negligible compared to the contribution of the DUT. Hence,
for example, in configuration 0101 (first row of Table V) both
source and substrate terminals of T4 are connected to GND
and wvpro is applied across its drain and source (connected to
substrate) terminals, defining the notation d-s,sb. In this case,
the capacitors Cy, Cysp and Cpcp (where the latter includes

AC .
Vpro
C
GND

D
Cd-sb SB
"%—-_‘?“
__Cd»s ‘\
!\ 5
S

: PCB

Fig. 18: Equivalent circuit of the DUT and schematic representation of the
jumpers allowing to connect the source and substrate terminals of the low-side
SS DUT to either AC or GND.
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all the parasitic capacitors not directly related to T4) are con-
nected in parallel, hence the charge Qo1 = Qas+Qa-sb+&pcB
characterizes this experiment. Since both SS DUT are PTO,
Cgq is again considered in parallel to Cys (and not shown
explicitly). Differently, configurations 0100 and 0001 (second
and third row of Table V) impose the series connections (&) of
capacitors, i.e. Cysp D Csps = Cysps and Cys B Cyps = Cygsp-
Since these capacitors are known and/or expected to be non-
linear, the corresponding charge variables Qg.sp-sb and Qq.ssp
must be defined as well. All configurations of the type 0x0x
are redundant since they cause the SS DUT to float, i.e. only
Chcp is excited by vpro.

The occurring losses FPsgj can be measured in six distinguish-
able (non-redundant) experiments for each operating point
of interest (Vze = 400V and I, = 20A are selected),
setting the appropriate configuration of jumpers ¢. Finally, the
contribution of each capacitor to FPsg; can be determined.
First of all, each Qi; in Qyot can be calculated as

ISW‘/dC
Qtot,l - m (7)
for every experiment ¢ = 1,2,... 6. Qo is the result of

the linear combination, represented by A and described in
Table V, of the six unknown charges ; forming ), associated
with the six identified capacitors, i.e.

1 1.0 0 0 1 Qs
Qtot,l 1 0 O 1 0 1 Qd—sb
Qtot,Z _ 01 0 0 1 1 Qsb-s _ AQ
ST 001 0 0 1] | Qaws| Y
Q 5 01 1 0 0 1 Qd—s-sb
o 0000 0 1| |Qecs

To clarify, Ai,j = 1 indicates that the charge ();, and therefore
the associated capacitor, is involved in the experiment 3
(vice versa is true when A;; = 0). Q = A_lth can be
calculated to find the unknown ()j. The resulting measured
value Qg5 + Qu.sv = 37nC differs only 10% from the
corresponding value, i.e. (o5 calculated at 400 V, reported in
[17], confirming the accuracy of this measurement procedure.
Afterwards, for each experiment 4, the average current Ij;
determining the flow of @) in the associated capacitor can
be calculated according to

1/t
1/t
. | QToA=
1/t
Tos1 Tasb1 0 0 0 Ipc 1
Iispo 0 0 Togs2 0 Ipce
_ | 0 laws O 0 losss  IpcB3| _ I
Iosa 0 Igpsa 0 0 Ipcp a4 '
0 Tasws Isss 0 0 Ipcp s
0 0 0 0 0 Ipce 6

t; corresponds to the time considered to calculate dveroi/at,
while the notation oA indicates, instead, the element-wise
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TABLE V: Possible configurations of the jumpers of Fig. 18 with associated
binary coded states and expressions of Qo as function of Q;.

Connection

J 1 2 3 4| Note Qot,i
0 1 0 1| dssb Qus+ Qs+ Qpca
01 0 0]ds Qu-s + Qasb-s + Qpca
0 0 0 1| dshb Qd-sb + Qus-sb + QpcB
0 1 1 01| dsbs Quas+ Qss+ Qpca
1 0 0 1| dssb Qugp~+ Qsps+ Qpca
1 0 1 0
0 0 0 0

d,s,sb

1 0 o o]f®t Geos
0 0 1 0

multiplication for A necessary to zero the elements of I
associated with capacitors not involved in the experiment. As
a verification of the procedure, 2" j Iij = Iy, where 2 is
necessary to account for the presence of low- and high-side
SS DUT.

From the considerations reported in Section IV, it can be
assumed that Eppo is proportional to the current charg-
ing/discharging the lossy capacitor (neglecting the offset at
dv/fg¢ = 0V/ns). Therefore, proportionality factors )\ are
introduced herein to describe the relationship between I;; and
the measured losses Psg;. In particular, each ); belonging to
A can be calculated as

Ad-s
)\i ; Pss1
, Psso
M doasrt | srRs @
d-sb-s :
)\d—s—sb P
SS.6
ApcB

In the commercial version of the DUT, Cy, is shorted, i.e.
only Ay and Mg are of practical interest.

Finally, since Mg =~ 20\ results from (8), it can be
concluded that Cy.g, i.e. the multi-layer III-N buffer separating
the Si substrate from the GaN channel, is responsible for up to
95 % of Epro. As discussed in Section V, this is assumed to
originate from the resistivity of the C-doped layers in the III-
N buffer. Hence, different samples featuring different vertical
internal structures are assessed in the next section, aiming to
overcome the Cogs-losses.

VII. IMPROVEMENT OF THE III-N BUFFER STRUCTURE

In Section VI, Cy is finally proven to be the major con-
tributor to Epro measured in Section IV and therefore to F,
measured in Section III. Since, as described in Section V,
Casp depends on the technology used to build the III-N
buffer, a DUT featuring a different epitaxial stack is analyzed
in this section. The modified epitaxial stack is denominated
B to differentiate it from the original one, denominated A,
considered in all the measurements discussed until this point
of the manuscript. It is worth mentioning that the devices
based on both epitaxial stacks, i.e. A and B, yield comparable
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performance both in terms of static lateral device and vertical
buffer leakage currents, as well as concerning their dynamic
behaviors, e.g. with respect to lifetime models and in terms
of measured [,k and dynamic Ryson. Additionally, the stacks
are of similar thicknesses leading to the same contributions to
Coss-

To support the latter statements, Rys o, of two DUT featuring
the two considered epitaxial stacks is measured under dynamic
conditions and with different stress voltage Vi up to 600V
(applied across the drain and source terminals of the DUT in
off-state). The results are normalized with respect to Rgson
measured in the same setup with V; = 0V (to exclude any
other possible dependency, e.g. related to temperature) and
compared in Fig. 19. Both DUT, i.e. epitaxial stacks A and
B, exhibit a good uniformity of Rgs.n, With respect to V5, are
well comparable between each other and do not feature any
increase of Rgson in dynamic conditions, similarly to what
already reported in Fig. 7. To summarize, epitaxial stack B is
demonstrated to be equally good as A in terms of dynamic
Ryson in these conditions.

The results of Eprop, i.e. Fpro of the PTO DUT featuring
epitaxial stack B, and the associated linear interpolating curve
are reported in Fig. 20 (stars and dashed line respectively)
as function of dvero/dr for the case of Vi, = 400V. For
comparison, also the previously measured Fpro.o (squares and
dashed line) and FE,.a (solid line) with (dots) and without
(triangles) Cex, = 100 pF are shown always in the case of
Va. = 400V as function of the respective dv/dt. The modified
epitaxial stack enable a reduction of Fpro which amounts up
to 73 %, definitely motivating the presented study.

Interestingly, epitaxial stack B shows the same C-level as
A according to measurements based on secondary ion mass
spectrometry (SIMS). However, it is believed (and subject of
on-going research) that the defect band, discussed in Section
V as hypothesis for the origin of the Cy-losses, might depend
more on the local C-density within certain structural defects

Epi Stack A
—e— Epi Stack B
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Fig. 19: Ryson of the two DUT featuring epitaxial stacks A and B measured
in dynamic conditions as function of Vi and normalized with respect to
Ry on measured with V5 = 0 V. The vertical error bars indicate the standard
deviation of Ry o calculated within 16 measurements across the whole wafer
per each V5. The measured Ry, on in case V5 > 0V (dynamic) is even smaller
compared to the case of V5 = 0V (static), since a small residual amount of
positive charges is present in the channel of the DUT after turn-on.
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Fig. 20: Epro as function of dvero/dt obtained with different Isy (5 A... 20 A)
for Ve = 400V. Epro.p (dotted) is more than 70 % lower than Epro.a
(dashed). Additionally, thermal images of the two analyzed PTO DUT
featuring different epitaxial stacks: B (right) experiences only one tenth of
the temperature increase of A (left).

rather than on the absolute C-level.

The remaining losses visible in Fig. 20 (stars) may still arise
from small residual losses in the vertical internal structure of
the DUT featuring the modified epitaxial stack. However, it
is also possible that the minimum absolute Eprop reaches
the measurement noise floor of the considered calorimetric
measurement setup and/or causes external factors, e.g. the
losses occurring in the switching half-bridge, to compromise
the measurement accuracy.

To compensate for the possible influence of external sources of
loss and therefore validate the findings, a second calorimetric
measurement approach, relying on the measurement of the
case temperature 7. (see Fig. 5 (a)) of the PTO DUT with
a high definition infrared camera [31], is presented in the
following. Fig. 20 shows, as an example, two infrared images
of the two analyzed PTO DUT featuring different epitaxial
stacks, and captured after approximately 10 s of their operation
in identical conditions (Vg = 400V and dvs/at =~ 30 V/ns).
They highlight how the PTO DUT based on epitaxial stack
A (left) heats up significantly, i.e. T, =~ 10°C + T} because
of the occurring Epro.o whereas, in contrast, the PTO DUT
based on epitaxial stack B (right), heats up only 1°C + T,
given the negligible Epro.g. The remaining Py pro.s, causing
the recorded minor rise of 7 in the second case, could be
explained with the losses due to the voltage oscillation present
on vpro. Since the parameters of the two thermal systems, i.e.
of the two considered PTO DUT, are measured to be very
similar (given that the two setups are physically identical), the
temperature rise 1. — Tps is a good indicator to compare the
occurring P pro. Consequently, the improvement brought by
the modified epitaxial stack, visible in the plot of Fig. 20,
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can be at least confirmed with this second and practically
independent measurement approach.

The absolute accuracy of the infrared camera based measure-
ment method is still under evaluation, but it generally features
several advantages especially if combined with the separate
heat-sink concept. In fact, given the higher measurement band-
width, the same thermal analysis conducted for the (slowest)
thermal constant associated with the heat-sink can be exactly
repeated for the (faster) one associated with the case of the
DUT (cf. Fig. 5 gray). Hence, the reduced dimensions of the
case compared to the heat-sink lead to significantly (from some
minutes to few tens of seconds) reduced measurement times,
whereas the described simplified thermal model and effective
measurement procedure remain valid. Moreover, with a shorter
measurement time and limiting the temperature measurement
to the area defined by the case of the DUT, external sources of
loss, e.g. the switching half-bridge during the measurements
of the PTO DUT, are believed to have even less influence on
the measurement accuracy.

The presented improvement, derived from the modified epitax-
ial stack, supports the hypothesis considering the vertical GaN-
on-Si structure between the drain contact and the grounded Si
substrate as main responsible for the soft-switching losses of
III-N power devices. This not only motivates the conducted
study, but also increases the interest towards the already
existing challenge of providing highly insulating buffer layers
with minimal transient response.

VIII. CONCLUSION

Gallium-Nitride-on-Silicon (GaN-on-Si) High Electron Mo-
bility Transistors (HEMTs) are nowadays the best-in-class
power semiconductors [22], but losses associated with their
output capacitance Cyss severely limit their performance in
soft-switching power converters [10].

In this research work, an accurate calorimetric measurement
setup was developed to characterize the soft-switching losses
of the IGT60R070D1 CoolGaN™ enhancement-mode GaN
power transistor from Infineon Technologies. Subsequently,
the setup was adapted to isolate the Ci-losses, which were
demonstrated, by means of measurements, to constitute the
main share of the observed soft-switching losses. Afterwards,
the main technology components and the regions of the
internal structure of the device forming C,s were analyzed.
Supported by experimental evidences, it was speculated that
the resistive behavior of the Carbon related defect band present
in the multi-layer III-N buffer, i.e. in the dielectric of the
parasitic capacitance between the drain and the substrate of the
device, could be the main responsible for the observed losses.
Finally, based on this conclusion, a device featuring a modified
Gan-on-Si stack was realized and measurements of Cg-losses
were repeated to quantify the expected improvement.
Coss-losses appear to be almost entirely eliminated in the new
device featuring the modified epitaxial stack. Moreover, it was
verified that the enhanced device structure does not introduce
any dynamic Rgson phenomena. In other words, the study
conducted in this work, not only deepened the understanding
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about the origin of the Cy-losses, but finally resulted in
the realization of a new GaN-on-Si HEMT which potentially
does not exhibit any of the two loss mechanisms typically
limiting the performance of GaN devices, i.e. dynamic Rgson
phenomena and Cig-losses.
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