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GaN Memory Operational at 300 °C

Mengyang Yuan, Qingyun Xie, John Niroula, Nadim Chowdhury, Tomas Palacios, Fellow, IEEE

Abstract—The most commonly used memory cells,
namely a 32-bit x 10-bit read-only memory, a 1-bit 4-
transistor static random-access memory, D latch, and D
flip-flop (DFF), were demonstrated using high temperature
(HT) GaN technology on a monolithically integrated GaN-
on-Si platform and n-FET-only E/D-mode logic (E: enhance-
ment, D: depletion). The memory cells exhibit stable oper-
ation at 300 °C. A maximum clock frequency of 36 MHz at
300 °C was estimated for the DFF using the measured setup
time. To the best of the authors’ knowledge, the operational
temperature of the reported prototypes represents the high-
est value for GaN memory, paving the way for the realization
of robust mixed-signal systems operating at HT.

Index Terms— GaN, transistor, high temperature, E/D-
mode, memory, SRAM, ROM, D latch, D flip-flop

[. INTRODUCTION

The rapid growth of high temperature (HT, > 300 °C)
electronic applications in the fields of aerospace, automo-
tive, oil and gas exploration and more, requires fundamental
advancements in semiconductor technology [1]. Considering
their wide band gap, high chemical stability, very low intrinsic
carrier concentration and excellent transport properties, gal-
lium nitride (GaN) and other III-N materials stand out, along-
side silicon carbide, as leading candidates. High performance
(room temperature) transistors for RF, power, and increasingly,
mixed-signal applications have been demonstrated [2]-[6].
Moreover, early studies on the HT characterization of III-N
transistors [7]-[11] and MEMS sensors [12], [13] have been
reported.

The focus of HT GaN electronics has thus far been basic
combinational logic building blocks [14]-[17]. While these
studies offer strong indication of the potential of GaN tran-
sistor technology for HT applications, the development of
HT GaN ICs is still at its infancy due to the low level of
complexity and integration demonstrated so far. Significant
research is required for the next big leap of HT GaN mixed-
signal ICs. Memory, which is the storage of state information,
is a fundamental requirement of any complex digital system,
and is realized using sequential logic circuits. There are very
few reports of GaN sequential logic circuits [18]-[20], and
only one experiment which demonstrates operation of such
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circuits at 160 °C [21] with little indication of their suitability
for higher temperature (> 300 °C) operation.

Sequential logic requires a high level of uniformity and
high operating frequency. Among the various GaN logic
implementations and E-mode GaN transistor designs, the n-
FET-only E/D-mode (E: enhancement, D: depletion) based on
the p-GaN/AlGaN/GaN platform is preferentially considered
for HT technology, thanks to its absence of gate dielectrics and
its process simplicity. Unfortunately, previous experiments on
GaN HT circuits [22] were based on relatively immature HT
technologies with a low level of complexity.

This work demonstrates progress towards the integration of
GaN HT electronics through an optimized process flow, in
order to study the different trade-offs involved in HT memory
cells. The proposed memory cells, namely (1) read-only mem-
ory (ROM), (2) static random-access memory (SRAM), (3) D
latch, and (4) D flip-flop (DFF), show stable operation at 300
°C. The key performance metrics of the fabricated DFF, the
most challenging implementation among all, were evaluated
across temperature.

Il. HIGH TEMPERATURE GAN PLATFORM

The GaN platform used in this work is based on epitaxial
p-GaN/AlGaN/GaN on 150 mm Si wafer (Fig. 1(a)) which
offers the scalable monolithic integration of E- and D-mode
transistors [22]. The E-mode p-GaN-gate high electron mobil-
ity transistors (HEMTS) are fabricated with a self-aligned gate-
first technology and tungsten gate (Schottky to p-GaN [23]).
The back-end-of-line (BEOL) started with the deposition of
Ni (30 nm)/Au (80 nm) to act as both D-mode Schottky gate
and the first layer of interconnect. A SiO; interlayer dielectric
was formed and opened through a via mask over the transistor
electrodes. Ti (20 nm)/Au (200 nm) was deposited to serve as
the contact pads and the second layer of interconnect.

In the E/D-mode logic implementation, the E-mode tran-
sistor serves as the driver and is therefore critical to the
performance of the circuits. The E-mode transistor technology
of this work was optimized for HT applications through
features including, (1) a refractory metal (W) gate, and (2)
self-alignment of p-GaN and metal through the gate-first
process, which ensures a high metal/p-GaN interface quality
and reduces gate leakage which would become significant
problems at HT [24]. Early studies indicate HT (500 °C)
robustness of the transistors through long-term survival tests
[25]. The sheet resistances of the AlGaN/GaN channel, 1%-
, and 2"-interconnects are 460 Q/0, 0.59 Q/0, and 0.21
Q/0, respectively. The E- and D-mode transistors share the
same LG = LGS = LGD =2 um.

In order to achieve high uniformity, a BCl3/SFg-based etch
stop process was optimized for the selective removal of p-GaN
over AlGaN. Good uniformity was observed at 25 °C across
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Fig. 1. Optimized GaN HT transistor technology used in this work. (a)
lllustration of the E-mode transistor (p-GaN-gate AlGaN/GaN HEMT)
and D-mode transistor (AlGaN/GaN HEMT) connected as an E/D-mode
inverter. (b) Transfer characteristics with Vpg =0.5V, (c) distribution and
(e) histogram of V74, and (d) distribution and (f) histogram of Ip 4y Of
a total of 192 E-mode transistors across a 1.2 cm x 1.2 cm sample with
excellent average ON/OFF ratio > 3 x 107. Vi, is measured at Vpg =0.5
V. Ip max is measured at Vs =5 V. Measurements were conducted at
25 °C.

192 E-mode transistors (WG =6 um) on a 1.2 cm x 1.2 cm
sample with Vry = 1.35+£0.09 V, Ip ;4r = 490 £40 mA/mm
(Fig. 1(b)—(f)). As a reference, Vry of D-mode transistors is
-1V

While the results indicate the maturity of the proposed
platform for higher integration in HT circuits, there are some
outliers (> 30) in the transistor characteristics (5% for Vj;,
and 3% for Ip;4x) at room temperature. The circuits which
incorporate transistors with significant outlying characteris-
tics would likely not work as expected. The corresponding
distributions were unable to be measured at HT due to the
limitation of the measurement equipment. To mitigate the non-
uniformity, in particular outlying characteristics, redundancy
may be introduced to the circuit design, though this is beyond
the scope of a proof-of-concept demonstration which is the
focus of this work. Instead, the circuits in this work were
designed with large tolerances to account for the majority of
the measured distribution in transistor characteristics, therefore
ensuring functionality.
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Fig. 2. GaN ROM and 4T-SRAM. (a) Micrograph of a 32-bit x 10-bit
NOR-based ROM array. (b) The measured output of the 1t instruction
stored in the ROM. (c) Micrograph of a 4T-SRAM. (d) Waveform of the
SRAM operating at 300 °C with input transition from logic state ‘1’ to ‘0’
(left) and ‘0’ to “1’ (right).

[1l. MEMORY CHARACTERISTICS

Several memory cells were implemented based on the GaN-
on-Si platform reported in Section II. Monolithically integrated
n-FET-only E/D-mode logic was used with (Wg/Lg)(£p) =
{36/2,12/2} um/um. These devices yielded a drive/load ratio
B= (W/L)g/(W/L)p =3. Vpp was chosen to be 5 V to
achieve a balance among speed, noise margin and power
consumption. Future studies on the impact of Vpp scaling
would allow for temperature-adaptive voltage techniques for
operation over a wide temperature range [26]. The measure-
ments were conducted in a probe station where the chip was
placed on a thermal chuck up to 300 °C (rating of the chuck)
in atmosphere. Each measurement was conducted 30 min. after
the chuck reached the temperature set point.

As shown in Fig. 2(a), a 32 bit x 10 bit NOR-based
ROM array was constructed with the 1% 10-bit instruction
being enabled. The measured output matched the expected
instruction with BL[0: 9] = [1000110001] at 300 °C (Fig. 2(b)).
The maximum voltage of the output is limited to 4.5 V due
to the voltage drop induced by the static current (IR drop)
through the interconnect, which could be improved with an
optimized interconnect metal stack. The minimum voltage is
above 0 V due to the nature of n-FET-only logic. It should be
noted that, due to the nature of the NOR-based implementation
of ROM, the measurement of each word line is independent of
the other lines. Therefore, the measurement of one line proves
the feasibility of this implementation.

A four-transistor SRAM (4T-SRAM) was constructed from
a pair of cross-coupled E/D-mode inverters as shown in Fig.
2(c). The input is first connected to ground (V;y =0 V) at
t = —50 ms, driving Vpyr to logic state ‘1’ (= 4.2 V) as
shown in Fig. 2(d). At¢t =0, V;, =5 V is applied to the input
to write a logic state ‘0’ (= 0.5 V) into Vpyr. The above results
demonstrate that the proposed 4T-SRAM cell functions as a
stable memory cell at 300 °C.

A multiplexer-based negative D latch was constructed with
input and output buffers using 13 transistors (Fig. 3(a)). As
shown in Fig. 3(c), the latch becomes transparent while CLK
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TABLE I. A summary of the published GaN- and SiC-based FFs.
Ref. | Semiconductor | Driver (Transistor) Logic Family L (um) [ Vpp/Vss (VIV) | Temp. (°C) | forx (MHz)*
[27] SiC MESFET D-mode, RTL 2 +5/—12 300 -
[28] SiC JFET D-mode, RTL 6 +25/—-25 500 -
[29] SiC MOSFET E/D-mode, DCFL - +20/GND 300 -
[18] GaN F implanted HEMT | E/D-mode, DCFL 0.8 +2/GND 25 -
[19] GaN - E/D-mode, DCFL 1.2 +12/GND 25 10
[21] GaN Conventional HEMT D-mode, RTL 0.5 +14/—14 12650 %g
This 25 55
Work GaN p-GaN-gate E/D-mode, DCFL 2 +5/GND 300 36
DCFL: direct coupled FET Jlogic; RTL: resistor-transistor logic. * Estimated Iower bound value.
is LOW, and holds its value while CLK is HIGH with ferx =1 ﬂ T TS
kHz and fpara = 1.5 kHz. E bt 1 .ﬁ'...l.L-.—.é
Lastly, a positive DFF was constructed using a primary- ﬂ .. T
secm?dary (master-slave.) conﬁgu.rz}tlon .w1th a total of 20 El 1 \ " , L L.-j
transistors. For the fabricated positive flip-flop, the value of o ma—
output (Q) is the value of input (D) sampled at the rising edge - 300 °C
of CLK as shown in Fig. 3(c). A large voltage swing over 4 3 E
V could still be achieved for both the D latch and the DFF 2 L ol
at 300 °C due to the matched temperature behavior of the =y Honhn o b b
ON-resistance for both the E- and D-mode transistors. (U] preformm——— SET T il T T
sl raiathaiisana = | 248 300 °C
To evaluate the performance of the DFF across temperature, | S S e £3F 3
the setup time (fy,), an important metric to estimate maximum i 1= %% _q :
clock frequency (fcorx ~ 1/(th+tm)), was characterized up CLK Voo OB TV v vt bl 14T
to 300 °C. ty, is the time that the data input (D) must be ] o 05 1 15 2 25
(b) D Flip-Flop (c) Time (ms)

valid before the rising edge of CLK. Fig. 3(d) illustrates the
determination of #,, at 300 °C, where D must be valid for a
minimum of 14 ns before the rising edge of CLK (t =0) to
allow Q to reach state ‘1’. The measurement of CLK to Q
time (#,) is limited due to the large load capacitance (350 pF)
introduced by the measurement setup [14]. Therefore, frrx =
1 / (2 X tg) is used to estimate the maximum clock frequency,
because the estimated value of #., should be similar to the
value of f,, based on the schematic of the fabricated DFF.

As presented in Fig. 3(e), when the operating temperature
increased from 25 °C to 300 °C, the t,, increased from 9
ns to 14 ns, leading to a decrease of fcrx from 55 MHz
to 36 MHz. The decrease in performance is mainly due to
the decreased ON-current of both E- and D-mode transistors
resulting from the reduction of channel mobility at higher
temperatures. Due to the distributions in Vry and Ip gy in
the process reported in Section II, performance metrics such
as ty, would be affected. Nevertheless, the circuits detailed
here are representative circuits on the sample as a whole.

A summary of the GaN- and SiC-based FFs reported in the
literature is presented in Table 1. The reported DFF prototype
based on the proposed GaN HT-robust technology features a
simple voltage bias approach and competitive performance at
room temperature. Furthermore, to the best of the authors’
knowledge, the operational temperature of the reported DFF
prototype is the highest among GaN-based FFs.

Several areas of improvement are identified to push the
performance of GaN-based memory cells (including ferg)
at HT: (1) aggressive transistor scaling, especially for the
driver (E-mode transistor), to achieve higher current density
with lower gate capacitance [30]; (2) reduced gate leakage
at HT; (3) optimized layout for reduced parasitics and chip
area; (4) HT-robust BEOL and advanced packaging [25], [31],
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Fig. 3. GaN negative D latch and positive DFF. (a) Micrograph of a
negative multiplexer-based latch. (b) Micrograph of a positive DFF using
a primary-secondary configuration. (c) Waveforms of CLK at 1 kHz,
D at 1.5 kHz, and outputs (Q) of both the D latch and the DFF. (d)
Determination of tsy, using the output waveform of DFF at 300 °C as
an example. (e) Trend of {5, and the estimated fo x vs. temperature.

[32]; (5) use of monolithically integrated GaN complementary
technology based on a p-GaN/AlGaN/GaN-on-Si platform for

higher power efficiency [14], [17], [30], [33].

IV. CONCLUSION

This letter reports the comprehensive demonstration of four
different GaN memory cells, namely ROM, SRAM, D latch,
and DFF, implemented by an optimized HT-robust GaN-on-Si
technology. The memory cell prototypes were operational at
300 °C. By validating the potential of GaN memory cells, this
work paves the way for the realization of robust mixed-signal
circuits operating at HT.
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