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Abstract— This paper describes the development of a viable 

platform for the design of full GaN (Gallium Nitride) monolithic 
integrated circuits for power conversion applications. The 
Normally-on and normally-off AlGaN/GaN power HEMT devices 
are used for the integrated circuit design using the ADS (Advanced 
Design System) tool. A monolithic switched-mode DC-DC buck 
converter with integrated functional blocks and over-current 
protection is used to showcase the suitability of the development. 
The designed GaN power integrated circuit was fully fabricated 
and tested to verify its functionality in power conversion. 
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I. INTRODUCTION 

The development of wide bandgap devices has advanced the 
technology in power energy conversion. Particularly owing to 
the superior properties of GaN material and the polarisation 
effect in AlGaN/GaN heterostructure, GaN based power devices 
become a superior candidate used in power conversion. For an 
identical blocking voltage rating, GaN High Electron Mobility 
Transistors (HEMTs) have lower on-resistance and gate-drain 
capacitance for higher switching frequency operations. They 
have shown potential to surpass the performance of Si based 
power devices and are more cost-effective than the SiC 
counterparts [1, 2].  

By the year of 2008, works had reported high efficiency 
power electronic converters using discrete normally-on GaN 
HEMTs as the main switches [3-6]. Later, the discrete normally-
off power HEMTs were introduced for a better control and 
safety [7-9] in 2011. With the help of continuous development 
of discrete normally-off GaN HEMTs and commercialisation, 
power converters using GaN HEMT modules such as half or full 
bridge topology [10-15] are available for higher power rating 
and reduced cost. In these works, the integration is limited on 
the main switches. To further utilise the advances in GaN based 
integrated circuits among the main switches, control circuits and 
other passive components, a full integration is required. At the 
same time, the on-chip controlling, monitoring and protecting 
circuits can increase its functionality and reliability. Previously, 
the design of Monolithic Microwave Integrated Circuit (MMIC) 
[16] were adopted for such a development, which focus on 
normally-on GaN HEMT integration process. With the advent 
of several technologies enabling normally-off operations, GaN 
integration circuits with normally-off HEMTs were introduced 
and fabricated [17-20].  Analogue circuits such as comparators 

[21], voltage referencing, and temperature sensing [22] were 
individually realised using GaN HEMTs and NMOS logic. 
However, so far there is still a lack of studies on the systematic 
and full integration of main switches, gate drivers, protection 
and feedback control circuits, all based on the GaN MIS-HEMT 
platform for power conversion application. In this paper, we 
proposed the Au-free all-GaN MIS-HEMT power integrated 
circuit platform. Through the platform, a constant-output-ripple 
DC-DC buck converter with integrated gate driver, pulse width 
modulation (PWM) feedback control and over-current 
protection circuits was realised, fabricated and verified by 
laboratory measurements. 

II. ALL-GAN POWER INTEGRATED CIRCUITS PLATFORM 

The schematic cross sections of the GaN power HEMTs and 
Schottky diode used for the development are shown in Fig. 1. 
The platform is targeted at CMOS-compatible fabrication for 
all-GaN power electronic converters. It features Au-free metal 
contacts, normally-off gate partial/full recess process, MIS gate 
structure and the embedded current sensing structure. The 
AlGaN/GaN epitaxy consists of 4.2-μm GaN buffer on Si 
substrate, 1.6-μm undoped GaN, 20-nm Al0.25Ga0.75N and 1-nm 
GaN cap. The measured electron mobility and sheet carrier 
concentration are 1627 cm2/Vs and 0.93×1013 cm−2 respectively. 

 

 

 

A. Au-free metal contacts 

The Au-free metal schemes of Ti/Al/TiN (25/125/50 nm) 
and Ni/TiN (100/50 nm) are used in ohmic contact and gate 
electrodes respectively for a CMOS-compatible platform. 
Owing to the hardness of TiN cap layer, a smoother surface 
morphology can be realised for good metal ohmic contacts. 

B. Gate recess process 

 Normally-off HEMTs can be made by AlGaN barrier layer 
recess based on multiple cycles of O2 plasma oxidation and 
dilute hydrochloric acid rinse deoxidation. This can be done for 
partial or full AlGaN recess. If for full recess of 19 nm, a total 
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Fig. 1 Cross section of GaN power HEMT and Schottky diode 
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of 35 cycles of treatments is needed with 2 nm barrier to preserve 
the AlGaN/GaN interface mobility.  For partial recess, fluorine 
ions can be placed through RIE (Reactive Ion Etching) process 
during the deposition of Al2O3 gate dielectric to enhance the 
positive gate threshold voltage.  

C. Embedded current sensing structure 

For control function and device over-current protection, an 
embedded current sensor is essential. A floating ohmic contact 
current sensing electrode is added between source and gate 
electrodes. The voltage at the sensor electrode can be used for 
converter feedback control, which constitutes as a key element 
in the whole feedback control loop. 

 Fig.2(a) shows a schematic cross-section of the normally-off 
MIS-HEMT with current sensor. The MIS-HEMT utilizes 
partial AlGaN recess and fluorinated Al2O3 dielectric to achieve 
+5 V threshold voltage. Figure 2(b) shows both the measured 
and ADS simulated static I-V characteristics of MIS-HEMTs. 
Fig.3 illustrates the measured and simulated transient switching 
waveforms. They are closely matched by the ADS simulations. 
This confirms the MIS-HEMT models used in ADS simulation. 
The full-GaN DC-DC converter can then be designed based on 
the models identified. 

 

 

 

 

 

 

 

Fig. 2. (a) Schematic cross-section of the normally-off AlGaN/GaN 
MIS-HEMT with embedded current sensor; (b) The matching of static 
I-V curves between device measurement (points) and ADS simulation 

 

 

 

 

 

 

Fig. 3. Transient switching waveforms of VGS and ID of the MIS-
HEMT between measurement (red/blue) and ADS simulation (black). 

III. ALL GAN DC-DC POWER CONVERTER 

In order to demonstarte the functionality and feasibility of 
the proposed GaN power integrated circuits platform, an all-
GaN integrated DC-DC buck converter was designed on the 
ADS platform, later fabricated and measured as a test case. For 
the power conversion application, constant and low output 
voltage ripple is preferred. In this design, we set the output 
voltage between two levels, which then determine the peak-to-
peak ripple voltage.  The control circuit swings between two 

duty cycles, where a higher duty cycle will bring up the output 
voltage and a lower duty cycle reduces the output voltage.   

The design integrates gate driver, pulse width modulation 
(PWM) feedback control and over-current protection functional 
blocks. The specific design objectives include: (a) output 
voltage is set at 10.0 V and input line voltage range should cover 
15 to 30 V; (b) output ripple voltage is at 5%; (c) the converter 
should be able to maintain stable output with constant ripples 
against variations in input line voltage or load conditions; (d) the 
converter should be able to respond to over-current incident 
according to the pre-set threshold and shuts down within one 
duty cycle. The circuit diagram of the overall converter 
integrated circuit design is shown in Fig. 4, which includes four 
major parts, namely buck converter, high-side gate driver, pulse-
width-modulation (PWM) feedback controller and over-current 
protection (OCP) blocks. 

A. Buck converter 

The DC-DC buck converter block includes the main MIS-
HEMT switch S0 with integrated current sensor, GaN Schottky 
barrier diode DO, inductor LO, capacitor CO and load RO. The 
converter operates in the continuous current mode (CCM) for 
normal operation.  

B. Gate driver 

In the buck converter configuration, the power switch is 
situated at high-side, which requires a non-ground-referenced 
control signal to ensure gate over-drive. Hence a high-side gate 
driver is required for high-side S0 through the bootstrap scheme. 
As shown in Fig. 4, the gate driver design includes stages of 
level shifter (normally-off S1 and normally-on S2), two inverters 
(normally-off S3/S5 and normally-on S4/S6) and buffer 
(normally-off S7/S8) stages with bootstrap capacitor (Cbt) and 
diode (Dbt).  

The level shifter is the link between the high-side driver and 
the ground referenced control signal VC. The inverter stages 
invert the level shifter stage output V1 to V2 and V3 to drive 
HEMTs S7 and S8 for charging and discharging of the main 
switch S0. The bootstrap capacitor Cbt and diode Dbt are other 
core components in the bootstrap power supply, which has the 
advantage of being simple and low cost. The operation 
mechanism of bootstrap power supply can be explained with the 
help of the solid-line shades and dashed-line shades in Fig. 4. 
When control signal VC is at high value, S8 is turned on and the 
gate capacitor of S0 is charged by Cbt through the solid line 
shades, thus the converter is turned on; when VC is at low value, 
S7 is turned on and the gate capacitor of S0 is discharged through 
the dashed-lines shade. Cbt is charged to VDC every time when 
becomes non-conductive. Cbt holds the charge and bootstraps 
Vg to be VDC+VS for high-side drive. 

C. PWM Feedback Control 

It is essential for a DC-DC converter to have a control 
topology to maintain output stability against input voltage and 
load variations. Here we design and integrate the control-signal 
generating unit and feedback circuit to realize a PWM feedback 
control. As shown in Fig. 4, the block includes two major parts: 
PWM signal generator and feedback controller. 



The PWM signal generator can generate square wave PWM 
signal of varying pulse width. It includes a hysteresis 
comparator (S16-S20, R1, RFB), a sawtooth unit (S21, S22, CSAW) 
and a comparator (S21-S25). The output of the hysteresis 
comparator is applied to the gate of S21. When S21 is off, CSAW 
is charged to VDC through S22. When S21 is on, CSAW is 
discharged through S21. The respective device layout widths of 
S21 and S22 determine the charging and discharging rate of CSAW. 
When connecting the source electrode of S22 back to the input of 
the hysteresis comparator, the formed close-loop generates 
sawtooth oscillation signal of VSAW. Then VSAW is compared to 
a feedback reference signal Vfb at PWM comparator, resulting in 
the generation of PWM signal of VC.  

The feedback controller uses the reference signal Vfb to 
modulate the pulse width of VC accordingly. It includes VOUT 
comparator (S28-S32, R4, R5) and Vfb switcher (S34-S36). VOUT is 
fed back to the input of VOUT comparator via a resistor divider 
(R4 and R5).  The comparator output V5 and inverter output V6 
have opposite polarities and are applied to S35 and S36 in Vfb 
switcher through the dotted paths in Fig. 4. When V4 < Vref_OUT, 
V5 is at low output and V6 is at high output. S36 is turned on and 
Vfb = Vref_DH, which is set for the desired high duty cycle DH to 
bring up the output; or else when V4 > Vref_OUT, S35 is turned on 
and Vfb = Vref_DL, which is set for a lower duty cycle DL to bring 
down the output voltage. Together with the PWM signal 
generator circuit, this feedback controller can manipulate the 
duty cycle of the main switch to maintain stable converter output 
voltage within a fixed band. 

D. Over-current Protection 

The converter is to be protected under over-current incident. 
The over-current protection (OCP) block includes the 
comparator (S9-S13), inverter (S14 and S15), capacitor (COCP), 
diode (DOCP) and normally-off SOCP.  The VSense signal is from 
the HEMT current sensing terminal. When Vsense > Vref_OCP 
under over-current incident, VOCP will rise beyond the threshold 
voltage of SOCP. When SOCP is turned on, the level-shifter is 
bypassed, causing the high-side driver and converter to be shut 
down. 

The starting 6-inch AlGaN/GaN on silicon epitaxy wafer 
was obtained from a commercial vendor. The fabrication 
process started with the mesa isolation, then Ti/Al/TiN Au-free 
ohmic contacts were formed and annealed at 800°C for 45s in 
N2 ambient. Then 50-nm SiNx was deposited as passivation. 
After gate opening and recess, 20-nm Al2O3 gate dielectric was 
formed by atomic layer deposition. Ni/TiN was evaporated as 
gate metal then Al formed the pads and metal routes. The 
fabricated GaN power integrated circuit is shown in Fig. 5 where 
all the functional blocks and external circuits are labelled on the 
fabricated die. 

IV. LABORATORY MEASUREMENTS 

A. Normal operation 

The fabricated prototype was measured in normal operation 
with different input line voltages at 10 kHz switching frequency. 
The inductor LO of 193 mH and capacitor CO of 10 μF are off-
chip due to their large values.  The resistive load ROUT is 500 Ω. 
The Vref_DH and Vref_DL are set at 3.5 V and 6.8 V to generate 
corresponding duty cycles DL and DH of 30.2% and 70.1%. The 
VLine is varied from 16 V to 29 V. Below shows the normal 
output waveforms with VLine of 16 and 29 V to verify the 
operations. 

The mismatch between the designed and measured VOUT values 
is less than ±1.69%, indicating good accordance between the 
design and laboratory measurement. 

B. Line voltage variations 
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Fig. 4 Circuit diagram of the designed all-GaN integrated 

DC-DC buck converter with gate driver, PWM feedback 
controller and over-current protection.  

Fig. 5 Optical image of the fabricated all-GaN integrated DC-DC 

buck converter. The function blocks are labelled and marked by 
dashed line box. The off-chip passive components, external 

 

Fig. 6 Waveforms of output voltage (red), inductor current 

(blue) and main switch gate voltage (black) at input voltage of 

16 V and 29 V. 
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The converter could be subjective to abrupt input line voltage 
variation. The designed feedback scheme should maintain a 
stable output under all the variations. Here the input voltage is 
abruptly switched from 20V to 16V (step down) and from 20V 
to 28V (step up). The transient responses from measurement are 
shown below.  The converter responses well with the input 
voltage changes. 

C. Load variations 

The load resistor is abruptly changed from 500Ω to 300Ω and 
then abruptly changed back. The transient responses of the 
fabricated prototype are shown below.  The converter reacts well 
with the load changes. 

D. Over-current protection 

When the load is at fault, the over-current incident can 
happen, and the designed over-current protection circuit will be 
activated to shut down the main switch. Fig.9 shows the 
measurement of the over-current protection at 180 mA load 
current thresholds.  The protection reacts instantly to shut down 
the main switch current.  The load current decays for a few milli-
seconds due to the output capacitor discharge. 

V. CONCLUSION 

A full-GaN monolithic IC design platform was developed 
based on normally-on and normally-off AlGaN/GaN HEMT 
device technologies. A DC-DC integrated converter was 
designed, fabricated and measured in laboratory to showcase the 
design platform. The development enables all-GaN based power 
integrated circuits for energy conversion. 
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Fig.8 Transient waveforms of load current(black), output 

voltage (red) and inductor current (blue) under load changes. 

Fig. 9 Transient waveforms of converter main switch current 

(lower red), output voltage (upper red), gate voltage (black) 

and load current (blue) under over-current protection. 

Fig.7 Transient response waveforms of input voltage (black), 

output voltage (red), and inductor current (blue) with abrupt 
variations of input voltage 


