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Field Plate Designs in All-GaN Cascode
Heterojunction Field Effect Transistors

Sheng Jiang, Kean Boon Lee, Zaffar H. Zdidichael J. Uren, Martin Kuball and Peter A. Houstor

Abstract— Different source field plate connections are Drain
compared for the all-GaN integrated cascode device to address
the capacitance matching and turn-off controllability issues
reported in the conventional GaN plus Si cascode. Experimental
results suggest that the cascode device with a field plate
connected to the source terminal can significantly suppress the
off-state internode voltage, leading to minimized capacitive
energy loss and reduced overvoltage stress at the internode.
This is attributed to the reduced ratio of the drain-source
capacitance of the depletion mode cascode part to the total
capacitance at the cascode internode. An additional field plate
on the E-mode cascode part is proposed to further suppressthe
off-state internode voltage and benefit the device. Cascode
devices with the source field plate connecting to the Source
enhancement mode gate have an improved switching
controllability via gate resistance during turn-off and hence
enhanced dv/dt immunity in thedrain loop.

Fig. 1. Circuit diagram of an all-GaN integrated cagscoonfiguration.

switching speed is required to suppress the ringing effect
Index Terms—Power electronics, Semiconductor devices, [8-9].

Semiconductor switches, Semiconductor heter ojunctions. Adding an external capacitor between the drain and source
of the Si device was proposed in [4] and [5] to match the
l. - INTRODUCTION capacitance in the hybrid cascode device and prever8ithe

Cascode devices, with the advantageoéduced Miller device from being driven into avalanche during turn-off
effect, are strong candidates for high voltage, high frequenkiewise, external capacitors and resistwese proposed to
applications [1-3]. An all-GaN integrated cascode improve the turn-off controllability issue for the cascode
configuration, shown in Fig. 1, was demonstrated with @evices[8-9]. However, the use of external components has
superior hard switching performance at 200 V compared §Veral drawbacks which inclesl additional parasitic
the equivalent standalone GaN heterojunction field effefiductance, and presents challenges in the device packaging
transistor (HFET) [1]. However, further optimization of thel8-9].
integrated cascods still required to address several known Field plates (FPs) are commonly employed in GaN HFETs
issues from experience in the GaN plus Si hybrid cascobfe moderate the surface electric field and hence lead to an
device [4-6], which also apply to the integrated cascod#icrease in breakdown voltage and suppression of
structure. First, the mismatch in intrinsic capacitanceiHface-related dynamic Ronl(f1l]. In addition, FP
between the depletion mode (D-mode) and the enhanceméi§orporation may also lead to a change in intrinsic
mode (E-mode) devices can lead to an increased off-st&fpacitances of the transistor depending on the connection
voltage at the internode of the cascode configurgdes]. Method of the field plateslP-13]. Compared to standalone
This overstress can drive the E-mode Si device intgaN HFETSs, the FP of the D-mode part in the cascode device
avalanche during the turn-off transient, causing additionBRs the flexibility to connect to different locations without the
losses for the hybnd cascode [4_5] A|though the avalancH&Irry of the MiIIer-effeCt, as the effective Miller CapaCitance
effect does not apply to the all-GaN integrated cascodfe shifted to the gate-drain capacitance of the E-mode part
device, a large off-state internode voltage can increase bé#eo€) [1]. In addition, different connections redistribute the
the breakdown voltage requirement of the E-mode part afi induced capacitances and thus affect the switching
capacitive energy loss at the internode. Second, the turn-Bghaviour of the cascode devidde connection of the FB
speed of the cascode devices is reported to be uncontrolldif§ice important to realize the full optimization of the
via the gate resistancejRas a result of the reduced Mille integrated cascode device [1] but has not previously been

effect, which can cause an issue when control over teéscussed.In this study, we examine five different FP
connections and compare their influence on the switching
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Fig. 2. A schematic diagram of all-GaN integrated cdsa®vices with five different field plate structur@s. Device A with D-mode FP connected to
source of the cascode (b) Device B with D-mode FP atadéo the internode pad (c) Device C with D-moBecBnnected to the internode pad and E-i
FP connected to the E-mode gate (d) Device D withhddle FP connected to the internode pad and E-moderitected to the source of cascode ar

Device E with D-mode FP connected to the E-mode gate.
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Fig. 3. Pulsed on-wafer gate transfer charactesistidevice A- E a
Vps = 6 V, quiescent 34/ Ves= 0/ 0 V, pulse width of 10 ms and pt
period of 100 ms. An optical image of the monolithigahtegrate:
AlGaN/GaN HFET cascode configuration with an additidngernodt
contact pad (inset).

[I. FPDESIGN ANDDC CHARACTERISTICS

TABLE |
SUMMARY OF DIFFERENTFP CONNECTIONS

E-mode FP D-mode FP

connection connection
Device A No FP Source of cascode
Device B No FP Internode
Device C Gate of E-mode par Internode
Device D Source of cascode Internode
Device E No FP Gate of E-mode par

metal-insulator-semiconductor (MIS) structure with 20 nm
thick SiN, to improve the current handling of the integrated
cascode device [1]. 70 nm SiMas deposited using plasma
enhanced chemical vapour deposition as the first passivation
to support the T-shape gate wings and 200 nm B¢ used
as the second passivation for the FPs. The E-mode parts for
all devices havagate width of 8 mm, gate length of 1.5 um
source-drain separation of 6.5 pm and gate wing of 1 pm.
While the D-mode parts have the same dimensions, except
for alarger source-drain separation of i to withstand the
high voltage. The device parts are separated by an internode
ohmic contact of 10um length. All devices have aFP
extension (kp) of 2 um on the D-mode part.

Device A (Fig. 2(a)) and B (Fig. 2(b)) have a D-mode FP
only connected to the source of the cascode and the internode

Fig. 2 shows the all-GaN integrated cascode device wigiad, respectively. Device C (Fig. 2(c)) and D (Fig. 2(d)) are
five different FP structures (Device AE) All devices were based on Device B with the same D-mdefe connection,
fabricated ora GaN-on-Si substrate with the standard GaNexcept for an additional FP with extension of 1 um on their
HFET fabrication procedure described in [1]. The E-modE-mode parts connected to the E-mode gate and to the source
operation was achieved by Cklplasma-treatment in a of cascode, respectively. Device E (Fig. 2(e)) only h&® a
reactive ion etch (RIE) system plus a nominally 20 nm thickn its D-mode part which is connected to the E-mode gate.
SiNy gate dielectric. The D-mode gate also features Bable. 1 shows the summary of different FP connections for
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achieved for all 8 mm cascode devices. Devices are capable
of 200 V operation with drain leakage current below 10
MA/mm.

I1l.  EXPERIMENTAL SETUP

The switching performance was measured by an inductive
load double pulse tester (DPT) as described in [1]. Fig 4(a)
illustrates the circuit diagram of the DPT. Device under test
(DUT) was wire-bonded da commercial air cavity quad flat
no lead (QFN) packages (shown in the inset of Fig. 4(a)) to
minimize the parasitics1f]. A commercial gate driver
IX2204 was used to drive the devices frogs¥ -2 V to +6
() V. A Coilcraft 470 |H shielded power inductor was used as
load inductor and an Onsemi 200 V Schottky diode
MBR2H200SF was used as the freewheeling diode. Fig. 4(b)
shows the picture of the assembled DPT. The input and gate
driver capacitors are placed close to the DUT to minimize the
loop distance and thus the parasitic inductance, as highlighted
in Fig. 4(b). To prevent the noise from the load coupling into
the gate loop, the power and gate loop were also separated,
achieved by a source-sense connection in the device
packaging. The gate voltagedd, internode voltage (M)
and drain voltage (4 were measured using a digital
oscilloscope. The drain currenp€) was monitored bg high
bandwidth current sensing resistor T&M S[EN410
connected to the source of the DUT

(b) IV. RESULTS

Fig. 5 shows the turn-off switching waveforms ekWops,
Fig. 4. (a) Circuit diagram of double pulse tester $aitching spee |ps and \ir for Device A, B, C and D at a drain voltage of
measurement. (b) Circuit implementation. 200 V, load current of 0.5 A and gate resistance of 10 ohm.
Voltage rise times around 25 ns are observed for all devices,
extracted from 10 % to 90 % of the operating voltags)V
all fabricated devices. Ios was measured from the voltage across a 0.1 ohm current
An additional pad to access the internode of the cascogensing resistor resulting in less than 50 mV outpthile
was added to all multi-finger cascode devices, enabling thige roughness obé is in tens of mV and is consistent with
potential at the internode to be monitored during thehat of \&s Vs, and \ir, the waveforms ofpk appear to be
switching measurements (inset in Fig. 3). Devices exhibiisier. This is due to the waveforms efbeing displayed at
similar DC characteristic as shown in the on-wafer ga%o mv/div, compared to 10 V/div, 50 V/div and 20 V/div
transfer measurement results in Fig. 3. Output currents > Ly8ed for \4s, Vs, and \ir. In addition, the step down ipdis
and threshold voltages of the E-mode paitd)> 0 V were due to the charging of the parallel capacitaricethe
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Fig. 5 Switching waveforms of 4 Vbs, Iosand \ir for (a) Device A (b) Device B (c) Device C and RBvice D, captured at 10 V/div, 50 V/div, 50 mV/
and 20 V/div, respectively.
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Fig. 6. Turn-off switching waveforms ofp¥ for (a) Device A and (b) Device E. (c) The equérlcircuit diagram of . for Device E.

TABLE 11
COMPARISON OF CALCULATED AND MEASUREDOFF-STATEV,nr FOR
DEVICES A- D
Vint Vint Vint
D-mode (Calculated_ (Calculated (Measured)
based on device based on CV

geometries) | measurements)

Device A 17V 16V 15V

Device B 45V 39V 39V

. E-mode Device C 42V 33V 34V
E-mode Device D 42V 33V 33V

drain voltage transition during turn-off for the cascode device
(a) (b) is mainly determined by the load current and the output
_ , o _ _ _ _ capacitance (€p-o + Cpsp) of the D-mode part [1]. The
E|g.'7. Ept‘]wvglebntDcwc'wt (liglagrams showing FP induced capace in (a capacitances at the internoden(d; which are dependent on
evice Aand (b) Device B. FP connection, include the gate-source capacitance of the

freewheeling diode in the DPT circuit, which will notD-mode part (Gsp), the gate-drain capacitance of the
influence the comparison. On the other hang; Varies in E-Mmode (@pe) and the drain-source capacitance of the

the devices with different FP connections. Device A exhibifs-Mode part (6se). They have little effect on the drain
Vinr of 15 V which is the lowest among all devices, whil¢0ltage rise time and can be ignored, providegr G5
Device B shows the highe€®qV), as shown in Fig. 5(a) and Significantly larger than gso [15]. Meanwhile, the
(b), respectively. Device C and D with an additional FP ofonnection difference in the D-mode FP of Device A and
the E-mode part compared to Device B, exhibit similgs v Device B (C and D) does not change the geometric
close to 33 V, as shown Fig. 5(c) and (d). capacitance mduced by the FP and thus is expected to yield
The turn-off controllability via Bwas compared between Similar switching speed as observed. _ _
Device A and Device E with the same switching conditions, PP connections in Device A and B lead to a different ratio
of Vs = 200 V and s = 0.5 A. R was varied from 47 ohm Of Cepo and Gso and hence affect the off-statevivas
to 330 ohm, in order to observe the change in the voltage ridgServed. To explore the reason for this, the principle of the
time between the two devices. Fig. 6 (a) and (b) shows tH$7€as€ in M in the turn-off transition is now explained.
switching waveform of ¥s during turn-off for the Device A During turn-off, assuming the gate reS|sta_nce is sma!l enough
and Device E, respectively. Device A, as a typical cascoify prevent the Miller effect from controlling the_ SV\_/ltchmg
device, shows little control over the voltage rise time witgP€€d Of the E-mode part, the E-mode channel is pinched off
different Rs, consistent with other reported literature orirSt after the gate-source voltage of the E-mode pagd)V

hybrid cascode devices [8-9]. On the other hand, Device4£0PS below Me. Vinr then starts to increase and pinches off
exhibits 100 % increase (25 ns) in the switching time whdf€ D-mode channel when it reaches the D-mode threshold
R is varied from 47 ohm to 330 ohm. This is due to th¥0tage (o). After both D-mode and E-mode channels are
additional ‘Miller capacitance’ (Cuiier) induced by the Fp Pinched off, the entire load current shifts inteoG and Gsp
connected to the gate of the E-mode part in Device E, ta;drive the drain voltage rise. The displacement current in
shown in the equivalent circuit in Fig. 6 (c). As a result, th&pso flows into the internode and charges ugr@7]. The

turn-off switching controllability is improved and can becharging of G completes at the same time as the drain

further enhanced by increasing the FP induced capacitaﬁ’%tage transition and is assisted by the displacement current

(Crpop). in Cosp. N _
Assuming negligible off-state leakage in both D-mode and

E-mode parts [6] and the gate drive current is sufficiently
high that the Miller effect does not control the switching

Despite the different FP connections, Device Biexhibit  speed, the off-staten¥ can be approximated by the voltage
similar drain voltage rise times, which is expected as thfyision of Goso and Gyr, and is giverby

V. DISCUSSION
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Fig. 9 Equivalent circuit diagrams showing FP induced cépace in (e
Device C and (b) Device D.

00  500n  100.0n
_ o Time (s) _ ~driving current through €be. As a result, part of the
Fig. & Switching waveforms of & Vos, los and \r for for Device B witl  gigplacement current flows through the E-mode channel
Rsorr) = 330 ohmcaptured at 10 V/div, 50 V/div, 50 mV/div and 20 Wi instead Ieaving less current to charg@r cand therefore

respectively VinT is reduced. However, the use afarge Ryorr) is not
desirable to reduce N, because it does not lead to a
Viny = Lps-p*Vpp _ Venep reduction in the total capgcit_ive energy loss at the ir(@ node
Cps—p+CinT [7]. Part of the energy which is supposed to charget€the

) . . ~voltage determined by the capacitance ratigs@Cinr), iS
This approximate expression shows that the capacitang@sipated earlier due to the Miller effect (turn-on of the

matching in a cascode device depends on the ratiesf 0 E-mode channel during turn-off) [7]n addition, a large
(Cosp + Cinr). By estimating the capacitance based on the, .. can cause a slow switching speed of the E-mode part
device ~geometries and  capacitance-voltage (C\Ang limit the overall operating frequency of the cascode
measurements on standalone devices with equivalent §Ryice.

geometries, Mr can be calculated using (1) and shows Ajernatively, we added a FP to the low voltage E-mode
reasonable agreement with the experimental results for ﬁﬁrt to further reduce the ratio betweegs€and (Gso +
devices (Table. 2). _ Civr), as shown in the equivalent circuit for Device C and D

_ Device B with the FP connected to the internode pagh Fig. 9. The E-mode FP in Device C is connected to the gate
increases 6sp, as lllustrated in the equivalent circuitysf the E-mode part and the FP induced capacitange: @
diagram in Fig. 7(a). In contrast, Device A has a reducegided to Gp.e. On the other hand, the E-mode FP in Device
Cosp but larger Gp.p due to the connection of the FP to they gcts as a source-connected FP in the E-mode part-aad C
source of the cascode, as shown in Fig. 7(b). According to (3)addedo Cose. As a result, the off-staten is reduced to

a larger Gsp can result in an increased ratio 0fsG 10 33 v for both devices]2 % less compared to Device B, as
(Cosp + Gwr), and thus an increasedv¥ and capacitive ghown in the switching results in Fig. GaiVof Devices C
energy loss (1/2* @r*Vinr?), as observed from Device B. gnd D are still relatively large compared to that of Device A
Note that Gpo is connected to ground and does nOfnostly due to the small value ofe&k. This could be
contributeto the Miller effect in the cascode. Therefore, ther%ptimized by varying the thickness of the Sidhderneath

is no penalty to increasecfo for a reduced 6so, @S  the E-mode FP. However, the minimum value @ during
observed in Device A turn-off is-Vin.p, and an over-engineeregyccan cause delay

Note that both Device A and B show off-staigrVfarger i the turn-off of the D-mode part and should be carefully
than -\ho (-6 V), and it will become larger at higher voltagegesigned.

operation (ie >200 V) as indicated in (One route to reduce  oyerall, an FP connected to the source of the cascode
the internode voltage during turn-off, is to increase thgevice A) is preferable as it results in the lowest off-state
turn-off gate resistance éRrr) as shown in Fig. 8, which \/ . and thus the smallest capacitive energy loss at the
shows the switching waveforms of device B under the sami&ernode. To further suppressiV for higher voltage
conditions except for a larger gate resistanc&30 ohm. operation (>200 V), an additional FP on the E-mode part of
Similar drain voltage rise time&§ ns) is observed compared peyice A can be implemented by connecting to the source of
to th_e results with &orr)= 10 ohm. This is also obser\{ed forihe cascode (Device D) to increasgr@nd hence reduce the
Device A as shown in Fig. 6(a), and is becaugeiRmainly  yatio of Gysp to (Cosp+ Cinr). Here, the E-mode FP structure
controls the switching speed of the E-mode part in thg pevice D is preferable to Device C because thesGn
cascode [8]. On the other hand/ivr was reduced to 13.V' peyice C increases the effective Miller capacitancen(F

Note that (1) is no longer valid for the estimation @V of the cascode and can limit the switching performance [1].
since the equivalent circuit cannot be regarded as a voltage

divider consisting of two series connected capacitops.§C VI
and Gur). When Ryorr is large enoughto cause the ) ) ) ,
Miller-effect to control the switching speed of the E-mode Different FP connections in all-GaN integrated cascode

part, the displacement current cannot be fully consuayed transistors were compared in order to match the capacitance

charging Gur, which is limited by the insufficient gate and improve the turn-off controllability internally without the
’ worry of additional parasiticEExperimental results shaal

CONCLUSION
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that a D-mode FP and an additional E-mode FP both
connected to the source terminal of the cascode device was
optimum for the minimization of the off-state internode
voltage leading to reduced overvoltage stress and capacitive
energy loss at the internode. Alternatively, conmgcthe
D-mode FP to the gate of the cascode provides additional
‘Miller capacitance’ and enables the device to be slowed

down via gate resistance when necessary.
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