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Abstract
In this paper, we report an angstrom-thick atomic layer deposited (ALD) aluminumoxide (Al2O3)
dielectric passivation layer for anAlGaN/GaNhigh electronmobility transistor (HEMT). Our results
show a 55% improvement in the gate lag performance of the design and a decrease by half in interface
state density upon coatingwith two cycles of ALDAl2O3. DC characteristics such as current density,
threshold voltage, and leakage currents weremaintained. ALDAl2O3 passivation layers with
thicknesses up to 10 nmwere investigated. XPS analyses reveal that thefirst ALD cycles are sufficient
to passivateGaN surface traps. This study demonstrates that efficient passivation can be achieved in
atomic-scale with dimensionsmuch thinner than commonly used bulk layers.

1. Introduction

GANbased high electronmobility transistors (HEMTs) are advantageous for high power and high frequency
applications due to their superior properties such as wide band gap, high breakdownfield, and high saturation
velocity [1–3]. AlthoughGaNHEMTs are widely preferred for a variety of commercial andmilitary applications,
unpassivated devices suffer from limitations in characteristics such as radio frequency (RF) current,
transconductance, and breakdown voltage as a result of the trapping of electrons in the surface states created by
defects and dislocations [4, 5]. Surface passivation has become themost established approach to address the
problemof current collapse, due to its simplicity and efficacy, with SiNx being themost commonly preferred
dielectric [6–8]. SiNx passivation schemes are particularly effective for III-N devices due to the relatively low
state density at the SiNx/III-N interface and the possibility of in situMOCVDdeposition [9]. Numerous other
dielectrics have been demonstrated as passivation layers over the years with different advantages [10–12]. Al2O3

passivation has been demonstratedwith record drain current and transconductance and improved pulsed I-V
characteristics [13–15]. Al2O3 is an attractivematerial because of its large bandgap, relatively high dielectric
constant, and high breakdownfield and has the advantage of high quality oxide/III-N interfaces when atomic
layer deposited (ALD) [16].

Recently, angstrom-thick passivation has been demonstrated as an efficient route to provide both surface
coverage and trap passivation in various applications [17–20]. It was found that the first ALD cycles will only
passivate surface defects without introducing any new bulk traps. Thus, it is envisioned that this atomic-scale
selective passivation is the optimal way forGaNHEMTs.

In this paper, we demonstrate that twoALD cycles of Al2O3will lead to about 55% improvement in the gate
lag characteristic of theGaNHEMTcompared to that of an unpassivated design. This improvement has been
correlatedwith the reduction in the density of GaN surface traps, which has been studiedwith frequency
dependent conductancemeasurements. An in-depthXPS surface analysis confirmed that 2 ÅAl2O3 is sufficient
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for passivation of the AlGaN surface. DC characteristics such as knee voltage and transconductancewere
improved and other characteristics weremaintained for the passivated device.

2.Device fabrication

The epitaxial structure consists of a 20 nmAlNnucleation layer and 1350 nmCarbon doped high resistive buffer
layer on a semi-insulating SiCwafer, followed by 150 nmhighmobility GaN channel, 1 nmAlN spacer, and
22 nmAlGaNbarrier layer with 26%Aluminum content cappedwith 3 nmGaN. The electronmobility and
2DEGdensity were found to be 2061 cm2 V−1.s and 1.07×1013 cm−2 respectively. Average sheet resistivity was
284Ohms/Sq across the 3 inchwafer. Device fabrication beganwithmesa isolation.Ohmic contacts were
formedwith electron beamdeposited Ti/Al/Ni/Au stack, followed by 30 s rapid thermal annealing at 850 °C in
N2 ambient. 250 nmgate contacts were formedwith electron beam lithography andNi/Au gatemetal
deposition. For device passivationAl2O3 depositions were carried out at 200 °C in anALD reactor (Cambridge
Nanotech Savannah S100) employingAl(CH3)3 solution as the deposition precursor. The pulse and purge
durationswere 0.015 and 10 s, respectively.Water was used as the oxygen precursor. The deposition rate was
found as 1 Å/cycle. Different devices were fabricatedwith 2 cycles, 4 cycles, 10 cycles, and 100 cycles to obtain
passivation layer thicknesses of 2 Å, 4 Å, 1 nm, and 10 nm, respectively. The devices in this letter have a gate
width of 2×125 μm, a gate-source spacing of 1.5 μm, and gate drain spacing of 3.25 μm. Schottky diodes were
fabricatedwith a similar processflow for capacitancemeasurements.

3. Results and discussion

Capacitance-voltage (C-V)measurements of fabricated Schottky diodes were conducted in order to examine the
gate characteristics of the different passivation schemes. Figure 1 shows theC-V characteristics for the
unpassivated, 2 Å, 4 Å, and 10 nmALDAl2O3 passivated samplesmeasured at a frequency of 1 MHz. For the
unpassivated, 2 Å, and 4 Åpassivated samples similar capacitance curves are obtained. An increase in
capacitance is observed for the 10 nmAl2O3 passivated sample, confirming the formation of the oxide layer. A
negative threshold shift is also observed for the samplewith 10 nmpassivation.

Frequency dependent conductancemeasurements were carried out to determine the interface state density
Dit. The frequencywas varied from10 kHz to 2 MHz. The parallelCm—Gm circuit was considered for the
equivalent circuit to the interface. The interface state density was obtained from [21] as
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whereCm andGm are themeasured capacitance and conductance at frequencyω, andCox is the oxide
capacitance. The calculatedGp/ω values for the unpassivated, 2 Å, 4 Å, and 10 nmALDAl2O3 passivated schemes
are shown in Figure 2. The extractedDit values are given in Table 1. The relative position of the trap energy level

Figure 1.C-V characteristics at 1-MHz frequency for unpassivated, 2 Å, 4 Å, and 10 nmALDAl2O3 passivatedAlGaN/GaNHEMTs.
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with respect to the conduction band edge is found to be in the range of 0.18–0.19 eV and the time constants in
the range of 0.19–0.32 μs for the samples. An interface state density of 3.08×1013 eV−1 cm−2 is obtained for the
unpassivated sample. For the 2 ÅAl2O3 sample the lowestDit of the studied samples is obtained, with a value of
1.62×1013 eV−1 cm−2, which corresponds to nearly a 50%decrease inDit compared to the unpassivated
sample. For the 4 ÅAl2O3 sample a slight increase is observed in the interface state density, however the obtained
value of 2.36×1013 eV-1cm−2 is still lower than that achieved for the unpassivated sample. For the 10 nmAl2O3

sample, however, the highestDit of 6.52×1013 eV−1 cm−2 is calculated, which corresponds to a nearly 50%
increase compared to the unpassivated sample. Thus, the conductancemethodmeasurements indicate that
angstrom thick ALDpassivation layers are able to passivate surface states selectively whereas thicker layers lead
to increased surface state density.

Table 1 lists theDCmeasurement results and calculated gate lag percentages for different devices, that are,
unpassivated, 2 Å, 4 Å, 1 nm, and 10 nmALDdeposited Al2O3. Figure 3 compares the transfer characteristics
and gate currents of the devices for each passivation scheme, at VD=10 V. The threshold voltage was obtained
as−4.06 V for the unpassivated device using linear extrapolation atmaximum linear slope and does not vary
significantly for 2 Å, 4 Å, and 1 nmAl2O3 passivation. For 10 nmALDAl2O3 passivation, Vth decreases to
−4.15 V, analogous to the decrease observed in theC-Vmeasurement, due to the increased sheet charge from
the passivation layer. Themeasured output characteristics are shown in Figure 4. The drain current density Idss
(at a gate voltage of VG=1 V)was obtained as 0.75 Amm−1 for the unpassivated reference device, which
increased slightly by 5% to a value of 0.79 Amm−1 for the 4 Å and 1 nmpassivation scheme and by 10% to a
maximumvalue of 0.82 Amm−1 for the 10 nmpassivation scheme. Similarly, the peak transconductance value
increased by 4.7% from179mSmm−1 for the reference device to 188 mSmm−1 for the devices with 1 nmand
10 nmpassivation. An improvement in knee voltage is observedwith increasing Al2O3 passivation thickness.
The reason for these improvements in the drain current characteristics is related to enhanced electron transport
caused by an increase in sheet carrier concentration, due to the reduction in surface states.

The drain leakage current Id,leak is extracted from the transfer characteristicsmeasurements as the current at
VG=−6 V andVD=10 V. Id,leak increasesmonotonically with passivation layer thickness, which is also

Figure 2.Calculated values of trap conductance as a function of angular frequency for unpassivated, 2 Å, 4 Å, and 10 nmALDAl2O3

passivated AlGaN/GaNHEMTs.

Table 1. List ofmeasurements for devices with no passivation, 2 Å, 4 Å, 1 nm, and 10 nmALDgrownAl2O3.

Parameter Units Unpassivated 2 Å 4 Å 1 nm 10 nm

Dit eV−1cm−2 3.08×1013 1.62×1013 2.36×1013 — 6.52×1013

Idss A mm−1 0.75 0.78 0.79 0.79 0.82

Vknee V 8.6 8 6.8 6.8 6.5

Vth V −4.06 −4.07 −4.07 −4.07 −4.15

gm mS mm−1 179 186 187 188 188

Ig,leak nA mm−1 2.7 3.4 1.9 1.6 21.4

Id.leak nA mm−1 8.3 12.7 19.3 20.3 206

Gate Lag % 20.3 9.4 11.0 11.8 8.5
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attributed to the increasing sheet charge of the 2DEG. The Schottky characteristics of theAlGaN/GaNHEMTs
weremeasuredwith afloating drain contact (Figure 5) and the gate leakage current Ig,leak is obtained from this
measurement as the gate current at VG=−6V. The reverse gate leakage current, in contrast to the drain leakage
current, does not follow amonotonically increasing trend, indicating that the reverse gate leakage current is not
dominated by surface leakage. The reverse gate leakage current increases for the initial passivation 2 Å, decreases
for the two subsequent passivation thicknesses, then increases to its highest value for the greatest passivation
thickness of 10 nm. The dominantmechanismof gate leakage is attributed to be edge gate leakage current, as the
trend of the reverse gate leakage current for increasing passivation thickness correlates inversely with the trend in
the gate lag characteristic. A decrease in gate lag corresponds to an increase in gate leakage, indicating that
extension of the gate depletion region towards the drain by the virtual gate effect acting to disperse the electric
field lines induced by the depletion region reduces the edge current [22]. Passivation that suppresses the virtual
gate thereby leads to an increase in gate leakage current. Low forward gate leakage current and nearly constant
gate turn on voltage ismaintained for each passivation scheme.

To further understand the correlation between the passivation layer and the surface states gate lag
measurements were carried out. The gate lagmeasurements were performed using anAgilent E3631A power
supply, Keysight Technologies 33500Bwaveform generator, and aKeysight InfiniVisionDSOX2004A

Figure 3.Transfer characteristics and gate leakage for unpassivated, 2 Å, 4 Å, 1 nm, and 10 nmALDAl2O3 passivatedAlGaN/GaN
HEMTs.

Figure 4.Output characteristics for unpassivated, 2 Å, 4 Å, 1 nm, and 10 nmALDAl2O3 passivatedAlGaN/GaNHEMTs.
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oscilloscope. Themeasurements were carried out by pulsing the gate from−6V to 0 V,with a pulsewidth of 1 μs
and period of 20 μs with the drain kept at 0 V. The pulsed drain current responsewith respect to theDC values
are compared in Figure 6 for the studied passivation schemes. A gate lag of 20.9% is obtained for the
unpassivated device, which improves by 55% to a gate lag value of 9.5% for the device with 2 Åpassivation. For
the 4 Å and 1 nmAl2O3 passivation layers, a slight increase in the gate lag characteristics is observed, however,
significant improvement compared to the unpassivated case ismaintained. For 10 nmAl2O3 passivation layer
the lowest gate lag of 8.7% is observed. [23] reports that for ALDAl2O3 passivation thicknesses between 10 nm
and 40 nm, increasing passivation thickness leads to decreasing current collapse, enabling the reduction of the
current collapse below 15%. The results of this study indicate the same trend if passivation layers greater than
10 nmwere studied, however, it is demonstrated that similar reduction in current collapse can be achievedwith
passivation layers as thin as 2 Å.

To gain insight on the passivation property of ALDAl2O3 layer, x-ray photoelectron spectroscopy (XPS) is
utilized for unpassivated and 2 ÅAl2O3 coated samples. Before ALDprocess, all the samples have been treated
with a dilutedHCl acid to remove the natural oxide layer. Figure 7 shows theN1s andGa3d spectra of these two
samples. Peak position correctionwas calibrated by referencing theC1s orbital peak position (284.8 eV) and the
other peaks in the spectrumwere shifted accordingly. As previously explained in several reports, the dominant
surface defects of GaN areGa andNvacancies (or dangling bonds). Based on the calculation of free energy by
classical nucleation theory,most of the oxygen-derived hydroxyl groups such asOH radicals andH2OorO2will

Figure 5. IG-VGS characteristicsmeasuredwith floating drain contact for unpassivated, 2 Å, 4 Å, 1 nm, and 10 nmALDAl2O3

passivated AlGaN/GaN.HEMTs.

Figure 6.Drain current response of the pulsed gate voltage normalized toDC values withVD=0 V andVGpulsed from−6 V to 0 V
for unpassivated, 2 Å, 4 Å, 1 nm, and 10 nmALDAl2O3 passivated AlGaN/GaNHEMTs. The pulsewidth is 1 μs at 5%duty cycle.
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be chemisorbed near imperfections such as dangling bonds and vacancies. Looking back into Figure 7(a), the
N1s spectra is deconvoluted into fivemain peaks [24]; three of which are assigned into AugerGa LMMpeaks, the
dominant one comes from theGa-Nbond, and the one in the higher energy tail is attributed toN-Obonds. As
we can see, the passivated sample has a strongerN-O related peak. During theALDprocess, theGa vacancy
positions are passivated by oxygenmolecules and form theseN-Obonds. On the other side, theGa3d spectra can
be scrutinized to gain a further insight on the surface properties of theGaN layer. As illustrated in Figure 7(b),
this spectrum is deconvoluted into threeGaussian profiles [25]; a broad andweak response originated fromN2s
orbitals, a dominant peak assigned toGa-Nbond, and a high energy response fromGa-Obonds. Looking at
these peaks, it can be clearly seen that theGa-O related peak ismore dominant for 2 ÅAl2O3 passivated case
(compared to the unpassivated one). Therefore, similar toN1s data, theAl2O3 passivation layer will substituteN
vacant positions and facilitate formation ofGa-Obonds. All the above-mentioned results confirm the efficient
passivation of surface traps upon coatingwith the 2 ÅAl2O3 layer. Oxygen-containing gasmolecules tend to be
chemisorbed on the surface of a semiconductor host through the capture of free electrons. Consequently, these
chemisorbed radicals reduce the density of free carriers in the vicinity of the semiconductor surface and deplete
the surface electron states. This, in turn, triggers the existence of the space charge region and induces band
bending near the interface. On the other hand, these chemisorbed oxygenmolecules are likely attached into trap
states and dangling bonds. The passivation of surface traps, in first ALD cycles, reduces the surface traps density,
mitigates adsorption of oxygen radicals, and consequently reduces band bending. However, as we go to larger
ALD cycles, bulk trap states in Al2O3 layer start to become dominant and therefore diminish the
abovementioned characteristics.Moreover, the Al2p spectra have been extracted for 2 Å and 10 nmcoated
samples. As Figure 8 clearly illustrates, the portion related toAl element is themajor peak for the thin passivated
sample. However, as we increase the Al2O3 layer thickness to 10 nm, the spectrum ismainly attributed to the

Figure 7. (a)N1s and (b)Ga3d high resolutionXPS pattern of the resulting unpassivated and 2 Å thick Al2O3 coated samples,
respectively.
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oxide related peak. Thus, the first twoALD cycle just passivates the defect states and does not form a continuous
Al2O3 layer.However, the subsequent cycles trigger the formation of a continuous layer.

4. Conclusion

In conclusion, an angstrom-thick ALDAl2O3 dielectric is reported for the passivation of surface traps inAlGaN/
GaNHEMTs and passivation thicknesses up to 10 nmare studied. For the a passivation layer as thin as 2 Å
Al2O3, a greater than 50% improvement in gate lag compared to the unpassivated device is achieved.
Improvements inDC characteristics such as drain current density, knee voltage, and transconductance are
observed. XPS analysis confirms that Ga vacancy positions are are passivated by oxygenmolecules for Al2O3 as
thin as 2 Å.
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