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Abstract 
 AlN passivation layers grown by atomic layer epitaxy 
have been implemented to passivate the surface of 
AlGaN/GaN high electron mobility transistors (HEMTs).  
These layers suppress surface charge trapping effects, 
such as current collapse, reduction of maximum drain 
current, and increase of dynamic on resistance.  Each 
passivation scheme is characterized using pulsed I-V 
measurements, a novel on-wafer probe card boost 
converter circuit, and DC off-state step stress. 
 
INTRODUCTION 
 
 AlGaN/GaN high electron mobility transistors (HEMTs) 
are attractive for high power, high frequency and high power 
switching applications, however limitations in performance 
arise from charge trapping effects, particularly in the access 
region between the gate and drain.  Surface passivation 
mitigates charge trapping at the surface.  Trapped surface 
charge degrades performance, described by current collapse, 
gate lag, drain lag, reduction in the maximum drain current 
(IDS,MAX), increase in the dynamic on resistance (RON,DYN), 
and breakdown [1–3].  Plasma-enhanced chemical vapor 
deposition (PECVD) SiNx is traditionally used to passivate 
AlGaN/GaN HEMT surface states [4].  Recently, thin (4 nm) 
AlN films grown by atomic layer deposition (ALD) have 
been demonstrated to effectively passivate the surface of 
AlGaN/GaN HEMTs [5], [6].  In this work, we investigate 
AlN passivation layers grown by atomic layer epitaxy (ALE) 
with thickness up to 40 nm for improved passivation.  A 
process for integrating higher growth temperature (Tg) (up to 
500 °C) AlN films is being developed.  Pulsed I-V, 
measurements, on-wafer probe card boost converter circuit, 
and DC off-state voltage step stress measurements are used 
to qualify the passivation schemes.  
 
DEVICE FABRICATION 
 
 HEMT devices were fabricated on AlGa0.26Ga0.74N/GaN 
structures on (111) Si substrates.  Devices were fabricated 
with plasma enhanced chemical vapor deposition (PECVD) 
SiNx, 300 °C ALE AlN (4 nm and 40 nm), and 500 °C ALE 
AlN (4 and 40 nm) passivation layers. The SiNx and 300 °C 
AlN films were deposited after gate metal deposition.  The 
500 °C AlN films were deposited after mesa and ohmic 

processing to avoid subjecting the Schottky gate to high 
temperature.  Following 500 °C ALE AlN deposition, a 
potassium borate-based etch [7] opened a recess for gate 
metal deposition, then gate metal is deposited followed by 
lift-off.   
 
 Preparation of the surface for ALE growth includes UV 
ozone treatment for carbon contamination removal, followed 
by HCl and HF treatments and a low damage in situ nitrogen 
plasma pretreatment for removal of native surface oxide.  
Then, AlN layers are grown by ALE using high purity 
trimethylaluminum (99.999%) and nitrogen (99.999%). 
 
RESULTS AND DISCUSSION 
 
 Current collapse for each passivation scheme is 
compared by the ratio of on-state DC drain current 
(IDS,STATIC) to the maximum pulsed drain current 
(IDS,MAX,PULSE) at pulse width of 500 ns and pulse separation 
of 1 ms, as shown in Figure 1.  SiNx passivated HEMTs 
resulted in the largest observed current collapse, where 
IDS,STATIC reached 84% of IDS,MAX,PULSE.  The HEMTs 
passivated by 300 °C grown AlN films provided improved 
passivation, where IDS,STATIC reached 92% and 97% of 
IDS,MAX,PULSE for  4 nm and 40 nm thick films respectively.   
 

 
Figure 1. Current collapse for AlGaN/GaN HEMTs in on-state, passivated 
by AlN and SiN, shown by the ratio of collapsed DC drain current 
(IDS,STATIC) to the maximum drain current from pulsed I-V (IDS,MAX,PULSE). 
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 Results for 500 °C AlN passivated devices are not 
shown, since severe current collapse was observed.  The 
severe current collapse of 500 °C AlN passivated devices 
likely results from a gap in the passivation near the gate 
edge.  The process of growing the high temperature AlN 
passivation before gate metal requires a recess etch, where 
misalignment results in an unpassivated region between the 
gate and drain. 
 
 The 300 °C grown AlN outperforms SiNx passivation 
during off-state stressing.  Off-state stress is applied at a gate 
quiescent point (VGS,Q) of  -4 V and drain quiescent biases 
(VDS,Q) up to 50 V, while the device is pulsed to obtain the 
transfer characteristics at VGS = 1 V.  Change in dynamic on-
resistance (RON,DYN) (Figure 2) and maximum drain current 
(IDS,MAX) (Figure 3) are shown for each passivation scheme 
during off-state stressing. 
 

 
Figure 2.  Increase of dynamic on-resistance of 300 °C AlN and SiN 
passivated AlGaN/GaN HEMTs during pulsed measurements with 
increasing drain quiescent point stress (VDS,Q) in off-state. 
 

 
Figure 3.  Reduction in IDS,MAX of AlN and SiN passivated AlGaN/GaN 
HEMTs during pulsed measurements with increasing off-state drain 
quiescent point stress (VDS,Q). 
 

 Charge trapping results in conduction loss in switching 
power converter applications.  A boost converter test setup 
(Figure 4) constructed on a probe card is used to characterize 
the switching performance of each of the passivation 
scheme.  The boost converter was designed for a normally-
on AlGaN/GaN HEMT as the controllable switch. 
 

 
 
Figure 4.  Block diagram of a boost converter test setup built on a probe 
card. 
 
 During the on-state operation of the boost converter, 
lower Vds indicates higher RON,DYN for the devices passivated 
by AlN.  The maximum value of Vds is pinned at the DC 
boost converter output voltage, therefore, higher maximum 
Vds indicates higher efficiency (Figure 5).  ALE AlN films 
grown at 300 °C offer improved passivation over PECVD 
SiNx, and thicker (40 nm) AlN films are more effective than 
the thinner (4 nm) AlN films.  The mechanism for improved 
passivation from implementing AlN has been suggested to 
be related to the positive polarization charge in the AlN 
compensating the surface charge [6]. 
 

 
Figure 5.  Drain voltage transient from boost converter test circuit on-wafer 
probe card for each passivation scheme. Input voltage (Vin = 50 V), 
frequency = 500 kHz, duty cycle = 50%, and with a load resistor (RL = 5.6 
kΩ). 
 
 DC off-state step stress was applied with VGS = -4 V with 
increasing VDS for 15 sec until breakdown, as shown in 
Figure 6.  The 40 nm AlN passivated HEMT has high off-
state leakage current and a low breakdown voltage.  
Whereas, the 4 nm AlN passivated HEMT provides the 
lowest off-state leakage current of all the passivation 
schemes and comparable breakdown voltage to SiNx..   
 

AlN (t=4 nm, Tg=300 °C) 
SiN (t=100 nm) 
 
AlN (t=40 nm, Tg=300 °C) 

VGS = 1 V 
VGS,Q = -4 V 

AlN (t=4 nm, Tg=300 °C) 
SiN (t=100 nm) 

AlN (t=40 nm, Tg=300 °C) 

VGS = 1 V 
VGS,Q = -4 V 

+ 
- 

isolated gate 
drive circuit 

Vin 

L 
S D 

Cout 
RL Vds 

+ 
- 

Vout 

+ 

- 

Cin 

AlN (t=4 nm, Tg=300 °C) 
SiN (t=100 nm) 

AlN (t=40 nm, Tg=300 °C) 

Vin = 50 V 

136 CS MANTECH Conference, May 13th - 16th, 2013, New Orleans, Louisiana, USA



 
Figure 6.  Off-state step stress showing improvement in off-state leakage 
and breakdown voltage for the 4 nm AlN passivated HEMT.   
 
 Atomic force microscopy (AFM) measurements show 
slightly reduced root mean squared (RMS) deviation of the 
surface from 6.2 to 5.8 nm for films grown at 300 °C and 
500 °C respectively (Figure 7).  Incorporating the 500 °C 
grown AlN films in the HEMT process is challenging, 
however, could provide higher polarization charge to 
compensate the surface states, improving the passivation  
 

 
Figure 7.  Surface roughness measured by AFM of ALE grown AlN films 
with growth temperature (Tg) of a) 300 °C and b) 500 °C. 
 

CONCLUSIONS 
 
 In conclusion, AlGaN/GaN HEMTs passivated by 300 
°C ALE grown AlN films have been shown to improve 
passivation as well as off-state leakage compared to SiNx 
passivation.  Although the 40 nm AlN layer is the best at 
suppressing surface trapping, it exhibits increased off-state 
leakage and reduced breakdown voltage.  The 4 nm AlN 
film reduces off-state leakage and still provides reduction in 
surface trapping. 
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ACRONYMS 

ALD: Atomic Layer Deposition 
ALE: Atomic Layer Epitaxy 
HEMT: High Electron Mobility Transistor  
PECVD: Plasma Enhanced Chemical Vapor Deposition 
RMS: Root Mean Squared 
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