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The chemical and electrical characteristics of atomic layer deposited (ALD)
beryllium oxide (BeO) on GaN were studied via x-ray photoelectron spec-
troscopy, current–voltage, and capacitance–voltage measurements and com-
pared with those of ALD Al2O3 and HfO2 on GaN. Radiofrequency (RF) and
power electronics based on AlGaN/GaN high-electron-mobility transistors are
maturing rapidly, but leakage current reduction and interface defect (Dit)
minimization remain heavily researched. BeO has received recent attention as
a high-k gate dielectric due to its large band gap (10.6 eV) and thermal sta-
bility on InGaAs and Si, but little is known about its performance on GaN.
Unintentionally doped GaN was cleaned in dilute aqueous HCl immediately
prior to BeO deposition (using diethylberyllium and H2O precursors). For-
mation of an interfacial layer was observed in as-deposited samples, similar to
the layer formed during ALD HfO2 deposition on GaN. Postdeposition anneal
(PDA) at 700�C and 900�C had little effect on the observed BeO binding state,
confirming the strength of the bond, but led to increased Ga oxide formation,
indicating the presence of unincorporated oxygen in the dielectric. Despite the
interfacial layer, gate leakage current of 1.1 9 10�7 A/cm2 was realized, con-
firming the potential of ALD BeO for use in low-leakage AlGaN/GaN metal–
oxide–semiconductor high-electron-mobility transistors.
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INTRODUCTION

Recent advancements in GaN-based high-elec-
tron-mobility transistor (HEMT) technology have
enabled the realization of high-voltage1 and/or high-
frequency devices.2,3 Whether because of high
blocking voltages or aggressively scaled device
dimensions (necessary for mm-wave operation),
high internal electric fields develop and cause
leakage currents. Minimization of these currents
through optimization of the gate stack and the

dielectric/GaN interface has been the focus of much
recent research.4–8 Atomic layer deposited (ALD)
beryllium oxide (BeO) has also received much atten-
tion, especially for Si- and GaAs-based metal–oxide–
semiconductor (MOS) devices, due to its large band
gap (10.6 eV), thermal stability, and self-cleaning
characteristics.9–12 Additionally, the high thermal
conductivity of BeO (300 W/m K) makes it appealing
for power applications. In this paper, ALD BeO on
GaN is characterized for the first time. The BeO/GaN
interface and the thermal stability of that interface
are observed by x-ray photoelectron spectroscopy
(XPS). Then, the leakage behavior is discussed based
on BeO/AlGaN/GaN metal–oxide–semiconductor
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heterostructure (MOSH) capacitors and compared
with the behavior of devices based on other gate
dielectrics.

EXPERIMENTAL PROCEDURES

Two different substrates were used for XPS
sample preparation: GaN (5 lm) on sapphire, and
GaN/AlGaN/GaN (2 nm/17.5 nm/800 nm) on silicon.
Substrates were cleaned in 1:1 deionized (DI)
H2O:HCl for 2 min immediately prior to introduc-
tion into the ALD chamber. Three nanometers of
BeO was deposited using H2O and Be(C2H5)2

(DEBe) precursors at 250�C. DEBe is not commer-
cially available and was synthesized using Grignard
metathesis as previously described by Yum
et al.11,12 After blanket dielectric deposition, sam-
ples were annealed at various temperatures (0�C,
700�C, 900�C) in ambient N2. These temperatures
emulate ohmic contact alloying anneals common in
GaN HEMT processing. The samples were then
analyzed using an Al Ka x-ray source (1486.6 eV)
and a hemisphere analyzer. The known N 1s bind-
ing energy of GaN (397.7 eV) was used for charge
referencing of all spectra.13

MOSH capacitors were fabricated using the same
3-nm BeO film as the gate dielectric on AlGaN/GaN
on Si substrates so that the film properties would
exactly match those observed via XPS. A ring struc-
ture was employed to negate the need for interdevice
isolation. TaN gate contacts (100 nm) were deposited
by evaporation, after which 100 nm of plasma en-
hanced chemical vapor deposition (PECVD) SiN was
grown for surface state passivation. Contact win-
dows were opened in the SiN/BeO using 7:1 buffered
oxide etch (BOE). Ta/Al/Ta (10 nm/280 nm/17 nm)
was evaporated and annealed at 575�C for ohmic
contact formation.14 Due to the excellent thermal
stability of TaN, it is not expected to interact with the

BeO at this temperature. Finally, capacitance (C–V)
and conductance (G–V) versus bias voltage mea-
surements were performed using an Agilent E4890A
precision LCR meter, while a Hewlett Packard 4145
parameter analyzer was used for current–voltage (I–
V) measurements. C–V and G–V characteristics were
acquired while the gate voltage was swept from
negative to positive and back (step = 0.05 V,
dwell = 90 ms, 20 mV AC).

RESULTS AND DISCUSSION

Figure 1 shows high resolution (HR) XPS spectra
of the gallium 3d and 2p3/2 cores. The Ga 2p3/2

spectra are used for interpretation of the BeO/GaN
interface due to the increased surface sensitivity of
low-kinetic-energy electrons.15 Minimal change was
observed in the Ga 3d signal with respect to anneal

Fig. 1. HR XPS spectra of the Ga 3d (a) and Ga 2p3/2 (b) binding energy levels. Ga 2p3/2 spectra indicate formation of an interfacial layer which
was exacerbated by the PDA process.

Fig. 2. HR XPS scans of the C 1s energy region of various ALD
dielectrics deposited on GaN.
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temperature, but the Ga 2p3/2 signal revealed that
an interfacial layer formed during deposition and
anneal, similar to that of ALD HfO2.5 Significant Ga
oxide and GaOxNy (Ga1+) was deposited, and high-
temperature annealing led to additional interfacial
contamination by hydrogen and carbon, presumably
originating from within the dielectric material. ALD
BeO is known to have high carbon content due to
the precursor synthesis process,11 and this was also
observed here (Fig. 2). As a result, ALD deposition
of BeO using DEBe as a precursor is not found to be
self-cleaning on GaN. The XPS spectra of BeO
deposited on GaN/AlGaN/GaN (not shown) exhib-
ited a similar envelope. The interfacial layer is
expected to contribute additional trap levels.

Figure 3 shows XPS scans of the Be 1s and O 1s
energy regions. No change in the Be–O binding
envelope was visible after the annealing process,
confirming the strength of the BeO bond (asymmetry
would be visible if decomposition occurred). How-
ever, the O 1s envelope shifted toward lower binding
energy, indicating increased gallium oxide content.
This implies that a significant concentration of
unincorporated oxygen exists in the as-deposited
dielectric. BeO is known to be an excellent diffusion
barrier, so the oxygen is not believed to have origi-
nated outside of the film.9 Angle-resolved XPS
(ARXPS) indicated that Ga and N react with the
unincorporated oxygen during the anneal, resulting
in an intermixed BeO-Ga2O3-OxNy film (not shown).

Figure 4 presents a comparison of the band
structures of HfO2/AlGaN and BeO/AlGaN as cal-
culated using numerical methods. The band align-
ment of BeO/AlGaN was established using the
valence-band offset (VBO) extracted from XPS
spectra taken before and after dielectric deposition.
The VBO was approximated as

VBO¼ EAlGaN
Ga3d �EAlGaN

VBM

� �
� E

BeO=AlGaN
Ga3d �E

BeO=AlGaN
VBM

� �

¼�1:9eV:

Fig. 3. HR XPS scans of O 1s (a) and Be 1s (b) energy regions.

Fig. 4. Simulated band diagrams of HfO2 (a) and BeO (b) on an
AlGaN/GaN heterostructure. The predicted conduction-band offset
of BeO on AlGaN is approximately four times larger than that of
HfO2.

Fig. 5. Normalized C–V (solid) and G–V characteristics (dashed)
collected at 200 kHz.
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The predicted conduction-band offset (CBO) of
�4.5 eV is nearly four times larger than that of
HfO2 on AlGaN. This highlights the potential per-
formance gain of BeO. Capacitors were fabricated to
determine the gate leakage performance and the
impact of interfacial contamination.

The capacitance and conductance of a represen-
tative capacitor as a function of gate voltage are
shown in Fig. 5. Counterclockwise hysteresis is
observed, indicative of emptying of acceptor-type
traps. The saturation capacitance (0.42 lF/cm2)
leads to an effective dielectric constant of 8.5 for the
gate dielectric. This is higher than the expected
value of 6.8. We attribute this increase to formation
of Ga2O3 (er � 10) within the dielectric layer as
observed by ARXPS (not shown).16 Charge trapping
and frequency dispersion (not shown) were also
observed during C–V characterization, presumably
due to interfacial contamination.

Figure 6 shows the normalized gate leakage cur-
rent of a BeO capacitor. Leakage of 1.1 9 10�7

A/cm2 was achieved in the forward-bias regime
before the onset of tunneling. The early onset is due
to the small thickness of the dielectric. This is better
than the leakage of �10�4 A/cm2 realized using
5-nm ALD HfO2

17 or 4.2-nm SiO2
18 gate dielectrics,

and is comparable to the leakage obtained using
15-nm ALD Al2O3 (5 9 10�7 A/cm2).8 Given the
levels of contamination observed at the interface
through XPS, we believe there is significant poten-
tial for further leakage reduction.

CONCLUSIONS

ALD beryllium oxide has been investigated for
use as a gate dielectric in AlGaN/GaN MOSHEMTs.

Although the precursor synthesis process leads to
significant carbon contamination of the dielectric
film, low leakage performance was observed. BeO
provides a viable gate dielectric alternative to Al2O3

and deserves further exploration to optimize the
BeO/GaN interface and to realize additional leakage
current reduction.
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Fig. 6. Through-gate leakage current of BeO capacitor.
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