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ABSTRACT

Preserving a contamination-free metalbsemiconductor interfade@a0Os3 is critical to achieve consistently low resistaneel(! -mm)

ohmic contacts. Here, we report a scanning transmission electron microscopy study on the variation in Ti/Au ohmic contact quality to (010)

1-G&0s in a conventional lift-off vs a metal-brst process. We observe althinm carbon barrier between the Ti and &2 in a non-
conductive contact fabricated by a conventional lift-off process, which we attribute to photoresist residue, not previously detected by x-ray
photoelectron spectroscopy due to the thinness and patchy coverage of the carbon layer, as well as roughnesgafdhefdga. This thin

carbon barrier is conbrmed by electron energy loss spectroscopy and atomic force microscopy-infrared spectroscopy. We believe that the
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presence of the thin and patchy carbon layer leads to the highly inconsistent contact behavior in previous reports on non-alloyed contacts.

Adventitious carbon is also observed in a conductive ohmic contact metal-pPrst processing on an as-grown sample. We bnd that a bPve minute
active oxygen descum is sufbcient to remove this carbon on as-grown samples, further improving the ohmic behavior and reducing the contact
resistance Rto 0.06! -mm. We also show that an hour long UV-o0zone treatment of the@sgasurface can eliminate carbon residue from

the lift-off processing, resulting in a lowc®f 0.05! -mm.
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. INTRODUCTION electron energy loss spectroscopy (EELS) and electron spin reso-
nance (ESR) spectroscopy and increases the contact resistance in a
Since the brst demonstration in 2012G&03 transistors have  metal-brst process that does not use photoresist. We demonstrate
been extensively investigated toward commercializatiaithough that sufbcient cleaning of the @as surface by UV-ozone or oxygen
Si currently dominates the transistor market, higher bandgap semiplasma descum achieves low-resistance contacts.
conductors offer superior critical electric beld tolerance for more
efbcient high-power devices. SiC and GaN were the Pbrst wide-
bandgap semiconductors to achieve commercial sucke380:0s Il. METHODS
bandgap (4.8 eV) is greater than those of both SiC (3.3 eV) and In this study, the contact electrical properties for a total of six
GaN (3.4 eV), setting a higher theoretical limit to the Baliga bgure okamples are compared: sample A, B,B* C, and D. Five of the
merit, which describes the fundamental trade-off in power electron-! -Ga03 bIms (all except sampléBwere grown by metal organic
ics between breakdown voltage and device on resistanc&a,03 chemical vapor deposition (MOCVD) on Fe-doped (01055203
is also an economically viable and commercially scalable technologgubstrates in an Agnitron Agilis 100 system. Before loading into the
due to the availability of melt-grown native substratésDoping reactor, the samples were dipped in a 48% HF bath for 30 min to
densities up to 5 167 cm' 2 have been demonstrated through var- reduce interfacial Si**® Detailed growth conditions, layer thick-
ious intrinsic and extrinsic doping methods for both channel and nesses, their measured carrier concentration, sheet resistagge (
selective-area contact regiofs. " and mobility can be found in thesupplementary materizssection.
Despite fundamental demonstrations of lateral and verti- The MOCVD grown samples were diced and solvent cleaned after
cal | -Ga03 devices with high breakdown voltages and critical growth. The sixth sampleBused suboxide molecular beam epitaxy
electric belds, reaching the materialOs theoretical limit remains (&MBE) to grow a 1' m thick Si-doped -G&03 bIm with a carrier
challenge*® Among the many key challenges to overcome, highconcentration of 3.0 10'° cm' 3, conbrmed by secondary ion mass
resistance at the source/drain ohmic contacts persists as a key obstpectroscopy (SIMS), and a mobility of 62 ¥kts, conbrmed by
cle. The difbculty partially arises from the lack of suitable low-work Hall measurements’
function metals for ultra-wide bandgap semiconductors with large Samples A, 8 B¥ C, and D weren situ doped, while sample
electron afpnity. Many studies have focused on using a Ti lowB wasexsitu doped by ion implantation. Details of ion implanta-
work function contact layer with an Au overlayer; however, linear tion conditions can be found in theupplementary materisection,
ohmic contacts were obtained only after annealing at temperatureand the annealing conditions are given in RefAll relevant sample
near 400D45@C," ™ except in the studies by us (Smi¢h al’®*").  information is summarized iffable |along with samples used for
Ti has been found to scavenge oxygen from th&g03 surface  ESR, AFM-IR, and ToF-SIMS characterizations.
forming a TiBTiQ layer at the interface. This intermediate layer par- Transfer length method (TLM) patterns were fabricated on
tially matches the lattice to defective §&&& and facilitates charge the samples to extract the contact resistance. For sample A, both
transport?* linear and circular TLM (LTLM and CTLM) patterns were fabri-
Smithet al.also reported extreme variability in performance of cated. The full process details can be found in Ref his sample
non-alloyed Ti contacts formed by lift-off, with current differing by Pbrst underwent mesa isolation by ICP-RIE and metallization by
twelve orders of magnitude between devices fabricated by identicdift-off, but the contacts were found to be barely conducting. Sub-
methods and by six orders within a single dieThe inconsis- sequently, the metal contacts were removed, and the metal-prst
tency highlights severe process variation in the conventional contaatontact process was applied. However, the contacts were still found
lithography process and a need for deeper understanding of théo be non-conducting, which made these samples particularly inter-
TiDGaOs interface. In our previous work) we demonstrated con-  esting for STEM examination. The complete fabrication process for
sistent, linear ohmic IV characteristics using non-annealed Ti/Ausample A is summarized in theipplementary materiaFor samples
contacts processed with a metal-brst method on heavily dope®, B, and B* CTLM patterns were fabricated using the metal-
G&03. This Ti/Au stack forms a Schottky contact that, despite hav-brst process identical to sample A. The Ti/Au contact layers were
ing an energy barrier, can exhibit linear ohmic IV behavior via evaporated at a base presswr@&! 10 & Torr. For sample C, the
thermionic beld emission in degenerately doped@a These stud-  as-grown sample was treated with an oxygen active plasma descum
ies conbrmed that other low work function metals, such as Al andfor 5 min at 100 W. Ti/Au CTLM patterns were fabricated imme-
Cr, form similar Schottky barriers and also exhibit linear ohmic diately afterward using the metal-prst process. Finally, for sample
behavior to degenerately doped mateiialloreover, we found that D, CTLM patterns were photolithographically debned. The CTLM
a pristine GaOs surface is critical for successful ohmic contact patterns were then treated in UV-ozone for an hour in a UVOCS
formation?® T10X10/OES ultraviolet ozone cleaning system. The Ti/Au contact
In this work, we correlate the ohmic behavior of non- layers were then immediately deposited by electron-beam evapora-
annealed Ti/Au contacts on heavily doped (010)G&03; with tion and then lifted off. The contact processes for all samples are
its interface structure and chemistry. Scanning transmission elecsummarized inTable | Note that all contacts reported here are
tron microscopy (STEM), atomic force microscopy-infrared spec-non-alloyed.
troscopy (AFM-IR), and time-of-Right secondary ion mass spectra The CTLM patterns were measured using a Keithley 4200
(ToF-SIMS) measurements reveal that carbon contamination carsemiconductor characterization system in a four-point probe con-
persist after the removal of photoresist patterns, inhibiting electricalPguration. The designed CTLM patterns have an inner radius of
conduction in the conventional lift-off fabrication process. We fur- 50" m and a pad spacing of 5D1th, and the dimensions conbrmed
ther show that ambient carbon contamination can be measured byoy scanning electron microscopy are used in the TLM analysis.
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TABLE I. Summary 6fGa0; samples, non-alloyed Ti/Au contact processes, and resultant specibc contact resistances.

Growth Doping Ng tepi
Sample method method (cm' 3 (nm) Contact process # (! -cm®)  Characterization?
A? MOCVD In situ 9.8 10"° 1585  Mesa isolation+ 2 min. O-descum e TEM
+ lift-off + PR strip
+ acid strip+ metal-brst
B MOCVD lon Implantation 5.0 10*° 150 Metal-brst 1.210° TEM
B* MOCVD In situ 9.3! 10° 215 Metal-prst 3.210° No
B SMBE In situ 3.0! 10° 1000 Metal-brst 14104 No
C MOCVD In situ 9.0! 10*° 220 5 min. O-descum metal-brst 71107 TEM
D MOCVD In situ 9.41 10*° 215 UV-ozonet lift-off 421107 TEM
E MOCVD uID Insulating 550 EE R ESR
F MOCVD uID Insulating 550 30 min. HR TBCl etch e ESR
G Substrate  (010) G&s:Fe Insulating """ PR expose develop+2 min. O descum e AFM-IR & ToF-SIMS

asample B in Smitlet al2°
PContact area protected by hard mask but underwent photolithography process and possible heating of photoresist residue during ICP-RIE mesa etch.
‘Sample D in Smitlet al2°

Atomic scale characterization was performed using annularunderstand the contact surface. Sample G was patterned using the
dark-peld (ADF-STEM) imaging and EELS. Cross section lamellasame photoresist spin-coating, exposure, and development condi-
of samples ABD were prepared using a Thermo Fisher Helios G#lons as the lift-off process used for samples A and D and subject
UX focused ion beam. Protective C and Pt layers were deposited ot a subsequent two-minute 100 W active oxygen descum. A Bruker
the lamella and prepared with a Pnal milling step of 2 keV to reduceAnasys nanolR3-s AFM-IR system equipped with an Angewandte
damage. STEM measurements were taken with an aberrationPhysik and Elektronik (APE) Carmina tunable pulsed broadband
corrected Thermo Fisher Spectra 300 CFEG. The ADF imagingnid-infrared (IR) laser source was used for characterization to
was performed operating the microscope at 300 keV with a probeenable nanoscale near-beld infrared spectroscopy chemical analy-
convergence semi-angle of 30 mrad. STEMBEELS was performet and mapping. A pre-mounted gold-coated PR-EX-TnIR-D probe
operating at 120 keV equipped with a Gatan Continuum spectrome+Bruker) with a nominal tip radius of 20 nm was employed to reduce
ter and camera with a spectral dispersion of 0.15 eV/ch. The inelastieffects linked to IR absorption from the silicon-based cantilevét.
background of each spectrum was removed by btting and subtractAFM-IR data were collected in tapping mode with the probe driven
ing either a power law (for the TiDL edge) or a decaying exponentiaht its fundamental oscillation frequency (i.&.,! 250 kHz) to image
function (for the CBK edge). sample topography and the next higher mode (ife,.,! 500 kHz)

Field-modulated ESR spectroscopy was measured in a homée detect IR absorption via photothermal expansion/contraction,
built spectrometer equipped with an X-band coplanar waveguidewith the CarminaOs pulse repetition rate phase-locked to the dif-
(CPW) resonator. ESR spectroscopy was performed with the madgerence frequency (i.ef;bfp) for resonance enhancement of the
netic beld along the [010] axis bfG&0O3 at 10 K in a Lakeshore photothermal IR signal.

CPX-VF cryogenic probe station. The effect of ambient air expo- AFM-IR spectra and maps were acquired with Analysis Stu-
sure on the substrate surface was investigated through two sampléo version 3.17. IR point spectra were measured over the range of
of 550 nm unintentionally doped (UID) -GaOz MOCVD blms ~ 680D2040 cht at a 1 cmi? sampling interval with a fast Fourier
grown on Fe-doped (010)G&0O;3 substrates. One of the substrates transform (FFT) post-processing Plter applied to smooth the data.
was only solvent cleaned prior to MOCVD growth (sample E), while AFM-IR maps were acquired in narrowband mode [20'¢énfull

the other was additionally treated in 48% HF for 30 min prior to width at half maximum (FWHM) spectral bandwidth] at a user-
loading into the reactor. The HF treated substrate, while in the reacspecibed nominal IR wavenumber (1600 éncorresponding to

tor, was further subject to aim situ tert-butyl chloride (TBCI) etch  the absorption maximum of the most intense characteristic peak
at 750 C?° prior to the start of the blm growth (sample F). To observed in the photoresist spectrum. Gwyddion version 2.63 was
ensure minimal contamination of the surface of the MOCVD bIm subsequently used for image processing of maptarizontal lapses
itself, both samples were transferred from the MOCVD reactor toin probe tracking of drastically rough features during imaging with
the ESR spectrometer cryostat promptly after growth, spending lesthe AFM probe were accounted for using a scar correction data
than! 2 min in air. We note that the ESR measurement carried outprocessing module.

in this work is designed to measure ESR signals in thin bPIms several ToF-SIMS were acquired in both positive and secondary ion
micrometers thick and requires insulating samples. modes using a 25 keV Biprimary ion beam. For the photoresist

An Fe-doped (010) -Ga&0Os substrate (sample G) was char- and open areas, region-of-interest spectra were obtained, where the
acterized by atomic force microscopy-infrared spectroscopy (AFM-detected signal was integrated over pixels only within specibc areas
IR) and time-of-Right secondary ion mass spectra (ToF-SIMS) toof an ion image.
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Ill. RESULTS AND DISCUSSION The R: and Ry, values are extracted using the CTLM method
at an applied bias of 5 mA for samples B, B, and D and a bias

IV curves for a 5'm pad spacing are shown ifig. . Whilethe  of 50 mA for sample & (due to the Schottky character of the con-
contacts fabricated by lift-off with a short active oxygen treatmenttact that prevents accurate extraction of the contact resistance at low
on sample A (green) are non-conductive (such tRatcannot be  applied bias). All of the CTLM results are summarizediimole |1.
extracted), the addition of an hour long UV-ozone treatment prior Error bars are calculated and reported for each CTLM pattern indi-
to metal deposition (sample D, blue) led to contacts that are lin-vidually, using the standard deviation of the linear regression with a
ear and ohmic [fig. 1(a). All metal-brst processed contacts shown conbdence interval of 95%. The range of measured valuescfor R
in Fig. 1(b)are conductive and reasonably ohmic as depositedRsy, and specibc contact resistar(@e) across the sample is also
Metal-brst contacts fabricated on untreated ion-implanted (samplereported. For samples B¥Band B* measurements for which the
B, orange squares) and MOCVD-grown (sampfedange circles) uncertainty in either R or Rgp is >25% are considered unreliable
degenerately doped samples are linear and ohmic. The contacts and not included as part of the range. Samples C and D have contact
the SMBE-grown material (sample”® orange triangles) are highly resistances nearing the limit at which the CTLM patterns used here
leaky Schottky due to the lower doping density3! 10'° cm' ). can give reliable measurements. As such, a more relaxed constraint is
The metal-prst contacts on MOCVD-grown material that receivedapplied such that measurements for which the uncertainty in either
the active oxygen descum treatment (sample C, red circles) are al$ or Ry, is >50% are considered unreliable. Measurement certainty
linear and ohmic with lower resistance [similar to sample D in can be improved by incorporating CTLM patterns with more TLM
Fig. 1(a), as shown by the steeper slope of the IV curve. The linearpads and a greater range of pad spacing.
ity of the IV curves is also captured by the Rat trends of the extracted =~ For sample B, CTLM gives values fB¢ of 0.37(4)D0.42(3)

contact resistanceR{) and sheet resistance ¢§ data shown in ! -mm, which corresponds to #, of 1.2(2)D1.8(1) 10 °! -cm?.
Figs. 1(cbl(e)and thesupplementary material Sample Bgives similar values for aR. of 0.37(1)D0.52(3) -mm,
a) Lift-off b) Metal First

100 T T T 100

50 50
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FIG. 1. IV curves for a CTLM pattern with pad spacing for (a) lift-off processed sample A (green circles) and sample D (blue circles) and (b) metal-Prst proc
sample B (orange squares), sarmhpteage circles), sampleg(@ange triangles), and sample C (red circles). UV-ozone cleaning for lift-off sample D shows dram
improvement in conductivity over sample A, which is non-conductive. The IV curves for metaltpastosBngples Ehd the growth method or doping method

does not signibcantly affect the contact resistivity, but an oxygen plasma descum signibcantly improves the ohmic behavior seen in sample C. The linearity of
further captured by the extr&tedd R, data shown in (c)P(e). Linear contacts show no depeRgdemdiejjon applied current bias, while leaky Schottky contacts
have lowdRr; at higher applied bias as the reverse biased junction becomes dominated by tunneling current. The transition from leaky Schottky contact beh
sample Bto linear contact behavior for (d) sample B and (e) sample C can be clearR.sedrcimtles. These curves for all samples are shown in Figs. S1DS5 in
thesupplementary material
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TABLE Il. Summary of IV and range of TLM results on non-alloyed Ti/Au contact sample wafers.

Sample IV Behavior Re (! -mm) Ran (1 14#) #. (! -cm?) Bias (mA)
A Non-conductive e e e e
B Linear ohmic 0.37(4)D0.42(3) 95(7)P112(9) 1.2(2)P1.8@) 5
B Linearohmic  0.37(1)D0.52(3) 37(8)b51(6) 3.2(1)D7.3(y 5
B Very leaky Schottky 0.81(1)D1.94(1) 24(3)D73(15) 1.4(1)D155¢1) 50
C Linear ohmic  0.06(2)D0.08(3) 32(2)D43(4)  0.7(6)P2(0)° 5
D Linearohmic  0.05(2)D0.09(4) 40(9)D49(6) 0.4(6)D1.8(1.6)° 5

#The TLM variability is further shown in theupplementary material

b) 10°
FIG. 2. Benchmarking of (8) and

(b) #, for the non-alloyed samples
reported in this work is plotted in color
against historically reported contact
resistance values on (0165a0;
(shown in gray; tabulated in Table S1 of
the supplementary mat#f223®+3

In orange, the star, square, and triangle
represent samples B, Bnd B,
respectively. The red and blue stars rep-
resent samples C and D, respectively.
The contacts on samples C (red) and D
(blue) are among the lowest resistance
Ti/Au contacts to (010)GaO;
reported to date. The 0.0Bnm con-
108 1020 1018 1020 tacts on sample D represent the lowest

R [Q-mm]

-3 -3 reported contact resistance to siib-10
Nd (under contact) [cm™] Nd (under contact) [cm™] e Sitoped G [0 ate, he [owest
Literature Non-Alloyed Metal First contact resistance values that are
(Alloyed) No treatment: /n situ MOCVD measurable in this St_Udy are limited
O n-bulk No treatment: Si-ion implant by the CTLM geometries; any contacts
© n+in- No treatment: /n situ S-MBE better than 0.05-mm or 8 10 °
@ n+/d % 0, descum: In situ MOCVD | -cnt necessitate different TLM
® n+bulk Non-Alloyed Lift-off designs for improved accuracy.
UV-ozone: In situ MOCVD

with a correspondingf, of 3.2(1)D7.5(1) 10 51 -cm?, and sample The addition of the active oxygen treatment prior to
B*gives higher values for aR. of 0.81(1)D1.94(1) -mm, with a  metal-brst contact deposition for sample C results in a loRer
corresponding?, of 1.4(1)D15.6(1) 10 41 -cn?. Again, the higher  of 0.06(2)D0.08(3)-mm, which corresponds to #, of 0.7(6)D2(1)
contact resistance for samplé”®an be attributed to the lower 1 10 81 -cm?, representind 2 orders of magnitude improvementin
doping density. In addition, in sample”8 a decrease iR with #.. Sample C also exhibits a const&gtwith applied bias, as shown
applied bias shown irrig. 1(c)highlights the leaky Schottky con- in Fig. 1(e) indicating linear contact behavior. Similarly, while the
tact behavior noted previously. In comparison, sample B observes gontacts fabricated on a lift-off-processed surface for sample A with
near-constanR: shown inFig. 1(d) indicating linear contact behav- a short UV-ozone treatment are not-conductive, the lifted-off con-
ior. The R. behavior in sample Bis similar to that of sample B tacts on sample D with an hour-long UV-ozone treatment have
and is included in Fig. S2 of theupplementary materiaThe full  a low R of 0.05(2)D0.09(4) -mm, which corresponds to &, of

IV curves and TLM analysis for samples BfxBe also included in  0.4(6)D1.8(1.6) 10 ®! -cm? Note, the uncertainty i originates

the supplementary materialThe non-alloyed contact resistances of from a compounding of the uncertainty indand Ry, and clearly
samples BBB(plotted in orange) are benchmarked fig. 2and  demonstrates the limitations of these TLM patterns at measuring
are within the range of values reported for similarly doped samplessmall contact resistances. TRebehavior in sample D is similar to
Contacts on samples B and frther show limited contact variabil-  thatin sample C; the IV curves and TLM analysis for samples C and
ity across the sample withlvariation of+0.03! -mm for sample D can be found in thesupplementary material

B and+0.06! -mm for sample & while sample &'has higher vari- Sample C also shows very low contact variability across the

ability due to the leaky Schottky nature of the contacts. Wafer mapsample €0.01! -mm; see the wafer map in Fig. S4). Sample D has

can be found in thesupplementary material higher variability (0.02 -mm, Fig. S5), which is still more uniform
APL Matet3, 061122 (2025); doi: 10.1063/5.0276786 13, 061122-5
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than samples BEfB This suggests that oxygen descum or UV-ozone Sample A Au
treatment improves contact uniformity; however, many of the sam-
ples used in this study have very small area ¢nf) and therefore
contain a relatively small number of TLM patterns located near the
edges of the sample. Uniformity improvements can be better con-
Prmed by studies on larger area samples. The contacts on sample C Sample B
and D represent the lowest reported contact resistances to stfb-10
cm' 2 doped! -Ga0s3, as well as the second-lowest reported con-
tact resistance to (010)G&0Os3 to date (well below the oft-quoted
1! -mm criteria for practical ohmic contacts). These contacts are
benchmarked (sample C in red and sample D in blue) against his-
torically reported ohmic contacts (gray) ifig. 2 The lowest contact
resistance values that are measurable in this study are limited by the
CTLM geometries; any contacts better than 0.05nm or 5! 10 7
I -cm? necessitate different TLM designs for improved accuracy.
Our prior report demonstrated that metal-Prst processing pro-
vided improved contact consistency and repeatability over con-
ventional lift-off processing, possibly attributable to contamination
of the interface by organics from the photolithography procéss.
However, this work indicates that even metal-brst processing on as-
grown material exposed to ambient air can be improved by adding
a short active oxygen treatment on the as-grown surface prior tc FIG. 3. Overview of ADF-STEM cross-sectional images of the metal contact
contact-metal deposition. Furthermore, long UV-ozone treatments Au/Ti/G#0; interface. Sample A (non-conductive) shbwsanthick con-
appear to have the same effect for lift-off processed contacts. Boi tamination layer between the Ti aj@; @derface, which is not observed in
active oxygen and UV-ozone are particularly effective treatment linear o'hmi_c contact samples BOD. The po_sitive identibca_\tion of carbon as the
for removing organic contamination, indicating that even nominally Ei I 1727 U5 ESEm e I el s g =zt
metal-Prst contacts on as-grown materials that do not receive one
of these treatments may inadvertently incorporate very thin (sub-
nanometer) layers of organic contamination. To understand bothrepresent a line proble of summed 1.5 nm regions to produce the
the source of the interface contamination and poor contact qualityhigh signal-to-noise series. The maximum peak of the F3-&dges
on lifted off contacts, as well as the improvement of even metal-Prsivas normalized. The increase in noise of the spectra toward the
interfaces with the addition of oxygen treatments, further interfaceGa0Os interface is a product of less Ti signal due to the amorphous
characterization is required. STEM analysis of samples ABDD exammature and less Ti presence near the rough@minterface. Both
ined their microstructure and chemical composition. With high the Ti-L, and Ti-Ls edges show a gradual shift to higher energies in
spatial resolution, STEM directly probes the local lattice and thethe lower! 6 nm near the GgO3 interface, indicating an increase in
electronic structures to determine whether a barrier at the interfacethe Ti charge staté’®™'® The shift conbrms that Ti scavenges oxy-
separates linear ohmic and non-conductive contatts. gen from GaOgz to form amorphous TiQ in all samples analyzed by
Figure 3captures wide beld-of-view ADF-STEM images of the STEM, as previously reported by XPS'
Au/Ti/Gaz03 interface. The bright saturated contrast corresponds Atomic resolution ADF-STEM images and EELS spectra
to Au, the element with the highest atomic number. In compari- in Fig. 5 reveal further details of the contamination layer and
son, dark contrast highlights regions of low atomic number (Z) or microstructure. The GgD3 surfaces of all samples (APD) are not
low density. In sample A, ahl nm dark contrast layer is apparent atomically Rat, showing local height variations. In sample A, an
between the Ti and G®;s layers, indicating low Z element con- ! 1 nm dark contamination layer separates Ti from the,Gasur-
tamination. This discrete layer is absent in samples BBD, suggestifigce [Fig. 5(a). The yellow arrows indicate Ga interstitial columns
that a barrier layer at the Ti/G®;s interface causes non-conductive present in all samples. Hints 86Ga0s; near the GaOs surface
devices. Sample C does show clusters of dark contrast within thare also present and can be identibed as the larger hexagonal pat-
Ti layer, although not at the Ti/G#s interface. These clusters are tern with an atom sitting in the middle of the hexagdfi. These
hypothesized to be TiQincorporation owing to non-ideal depo- structural defects align with previous reports of tghase com-
sition of Ti, stemming from suboptimal heating of the Ti source monly observed with Ga interstitials at the £ surface$.”’ The
prior to deposition. In comparison, samples BBD show increasedgphase, with lower density and high Ga vacancy accommodation,
contrast right above the Ti/G®js interface, signaling a higher Z ele- likely results from oxygen loss to Ti®ormation, as discussed previ-
ment incorporation. Previous studies have shown that Ti oxidizesously. In comparison with sample A, samples BBD show near-perfect
and reduces G®s to form TiOy and defective G&3 by room tem- adherence between the TjGand the disordered G&®s surface
perature diffusion. We also note that sample B exhibits no contras{Figs. 5(c), 5(eand5(g)]. While %G&0O3 has been theorized to con-
variations within the GgOs layer, indicating a fully recovered lattice tribute to the non-ideal ohmic contact regidiijts presence does not
structure near the ohmic contact after Si implantation. correlate with non-conductive IV behavior in these samples.
The chemical nature of the Ti contact was explored using EELS  EELS spectra across the TiBGa interface identify carbon
to provide information on its electronic state. The spectré-in. 4  as the primary factor that affects high contact resistance. Each

Sample C

Sample D
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FIG. 4. Normalized EELS spectra of Jédges in samples ABD from th@;Gaterface. The spectra reveal a progression in the Ti valence state, transitioning from
non-crystalline Ti®ar the G&; interface to metallic Ti further away. The magenta and blue dashed lines mark the peak posifioespédiiaely, TilOstrating
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spectrum in~ig. Srepresents a summed region spanning the@Ga a)
interface to 3 nm in the Ti layer indicated by the double arrows. The
CDK EELS spectra are normalized to the area under the Jetlge

to account for lamella thickness variation, allowing for quantitative
comparison. Samples A and B detect carbon at the TiDgmter-

face, as shown ifigs. 5(bjand5(d). The measured CBDK EELS edges
in sample A are distinguishable from the amorphous carbon ref-
erenced by the gray curve by the depression of the G;blﬁeak,
indicating that the carbon incorporated within the sample has a
different bonded character. This bonded carbon is likely a residual
photoresist, despite the multiple cleaning steps outlined in Sec. II.
Sample B also shows a carbon signature, but at a lower intensity and
distinct from sample A by the depressed C@ﬁ(peak. We attribute

the carbon signature in sample B to adventitious carbon found on
the surface of air exposed samples. In comparison, samples C and D
exhibit no carbon signatures.

Notably, previous studies using depth-resolved x-ray photo-
electron spectroscopy were unable to detect the C contamination
layer observed here by EELS in samplé€ Ahis can be attributed
to the rough interface noted above; XPS is a highly surface sensitive
technique; therefore, any roughening of the interface would effec-
tively dilute the signal of a single monolayer of C such that it is
below the 0.1%D1% detection limit of XPS. Spatially non-uniform
sputtering during depth-resolved measurements caused by sam-
ple charging, especially in the case of patterned metallic features
resulting in a lateral variation in sample conductivity, can further

10
No treatment

ESR Signal (uVv)

o o N b~ O

HF + in-situ TBCI Etch

A
~V v

15 02 025 0.3 035 0.4
B(T)
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IR Intensity at 1600 cm™ (a.u.)

exacerbate this effect. c) -
It should also be noted that excessive exposure to active oxy- : 1606 = &
. . . . cm X
gen species may decrease Si doping efbciency due to the forma- . &
tion of compensatory defects such as Ga vacancies according to S C_
both Prst-principles calculations and experimental observations of o Site A -
the activation of implanted Si in-Ga03.”** Our results in this = X
work demonstrate that both 1-h long UV ozone and 5-min 100 W g MM
O, descum are effective to remove sub-monolayer of surface car- i Site B
bon while retaining the Si doping efbciency near the,Ga o
surface. Site C
The level of carbon contamination measured by EELS corre- et bt

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

lates directly with the measured ohmic contact resistance. Similar
to known Si contamination on the G&3 surface’’ the carbon sig-
nature in sample B, which was never in contact with photoresist,

could be attributed to organic contamination on the surface from air
exposure between ion implantation/activation annealing and ohmic
contact processing. The samples were grown in batches and me
have spent signibcant amounts of time in ambient air or nitrogen
box environments prior to device processing. The correlation of
carbon contamination with ohmic contact resistance highlights the
importance of proper surface preparation and cleaning and indi-
cates that for best practice even for metal-prst contact processt
should include an organic-removing treatment such as UV-ozone or
active oxygen plasma prior to contact metal deposition to minimize
ambient air contamination.

The presence of air contamination on &2 surface can also be
measured by ESR spectroscopy. Although adsorbed impurities, suc
as siloxan€s or carbon, on the surface 6£Ga03 are unlikely to
host paramagnetic point defect centers of debnite charge and spi

states due to their amorphous nature, they can nevertheless ho.:

FIG. 6. (a) ESR spectralef5a0; blms on Fe-doped (02®a0; substrates

without surface treatment and with a 30-min HrO§@rICI etching before

MOCVD growth (samples E and F). The broad spin background is attributed to
adsorbed impurities that can be eliminated by cleaning the substrate surface. The
sharp ESR signals correspond to spin signatures with well-debPned atomic environ
ments. (b) AFM-IR 2D photothermal IR absorption map of lift-off sample G before
Ti/Au electron-beam evaporation with a 2 min active oxygen descum. The region of
photoresist (PR) and the nominally clean region intended for contacts are labeled
between the double arrows. IR intensity indicates the presence of aromatic ring
vibrations expected in photoresist. Regions of carbon contamination in the contact
region are circled by the red dashed lines. (c) IR point spectra from the loca-
tions indicated by the white dots in (b). The gray shaded region in the presented
spectra indicates the approximate wavenumber regian ftEhiier) used

to acquire the spectral maps in (b). Site B acquired in the contact region shows a
photothermal response indicative of carbon contamination similar to the IR spectre
acquired from the site A acquired on photoresist. Site C, on the other hand, does
not show any peaks at 1510 or 1608 amdicating a photoresist-fregga

surface.
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local magnetic moments that form two-level systems (TLSs) with gechnique that can be implemented as a process check for conbrm-
broad energy landscapéThis is especially likely since both silicon ing clean contact interfaces and/or detecting nanoscale photoresist
and carbon have stable isotopes that possess a nuclear spin. residue on fabricated samples.

Figure 6(a)shows the ESR spectra of UID MOCMDG&03 The AFM-IR measurements were further corroborated by
PIms grown on Fe-doped (010»G&0Os substrates collected at TOF-SIMS measurement of sample G in the photoresist patterned
9.936 GHz with the magnetic beld along the [010] axis (samples Bnd open areas. Measurement of the photoresist (near site A in
and F). Sharp signatures of ¥eat the octahedral Ga(ll) site can Fig. f) identibed several {ElyN* fragment peaks that are charac-
be seen as peaks in the spectra of both samples E and F at 0.2&Bistic of the photoresist. Signatures of these peaks are detected in
and 0.342 T%°° with additional ESR signatures of unknown origin the supposedly open area (near site Bin. §), indicating that pho-
at 0.176 and 0.379 T. In addition to these sharp ESR lines, a broatresist residue is present even with the 2 min oxygen descuih. Ga
spin-background is seen in sample E. This broad background is comsignal is also detected in the open area, indicating that the photore-
pletely eliminated in sample F that treated the substrate with HF andsist residue is likely less than a monolayer thick and/or only partial
an in situ TBCI etch. We attribute this spin-background signal to coverage of the sample surface. The mass spectra are included in the
magnetic moments hosted by amorphous adsorbates on the surfaceipplementary material
of the GaOz substrate. From our previous studigs? high levels
of impurities including C and Si are found at the regrown interface |y, coNCcLUSION
in samples that are cleaned in solvent only prior to growth, while S ] ]
these impurity levels are reduced by orders of magnitude with HF ~ Overall, the variation in Ti/Au ohmic contact quality as a
and TBCl treatments. ESR spectroscopy is therefore capable of mdhiinction of lift-off and metal-Prst processing has been |nvest|gat§d.
suring magnetic moments stemming from amorphous adsorbatesS_TEM'EELS mea;grements bnd that thg level of_carbon contamina-
separately from paramagnetic point defects in th€a0s lattice, tion gt the GaOslTl_ interface correlates directly W|_th the measured_
the latter of which are not removed by surface treatments. The spifPhmic contact resistance. We bnd non-conductive contacts fabri-
background seen in the ESR spectra, in agreement with STEM-EELG8t€d by a lift-off process to contain signiPcant photoresist carbon
measurements on metal-brst sample B, thus indicates the presenkgsidue and hypothesize that the large variations in contact perfor-
of amorphous adsorbates on untreatec.Gasubstrates. mance previously reported result from similar remnant photore&st.

Photoresist contamination on the G@; surface can also be We further report that an hour-long UV-o0zone treatment is shown
detected via a non-destructive method using AFM-IR. SampleragJ. remove the phptoresist residue to attain linear ohmic contacts
subjected to a 2-min 100 W active oxygen descum after the sampith & contact resistance:Rf 0.05! -mm. We propose that AFM-
had undergone the pattern development lift-off process. An AFM-IR IR can be used as a non-destructive scanning probe measurement for
map was acquired over patterned regions of photoresist and nc,mi_mld-pr_o_cess dlagr_lostlc to ensure surface cleanliness prior to contact
nally clean areas before Ti/Au contact deposition. The IR intensityd€Position for critical device processes. On the other hand, metal-
at 1600 crh?, chosen to highlight regions of carbon contamination, brst processing shows linear ohmic non-alloyed contact behavior

is presented as a 2D map fifig. 6(b) Patches of carbon residue are O @n as-grown sample. However, the contact interface still con-
circled by the red dashed lines. tains a carbon EELS signature from organic contamination due to

IR spectra at selected points on the 2D map are shown irgir exposure that can also be detected by ESR spectroscopy. Addi-
Fig. 6(c) The IR spectra obtained from site A is a representative ofion of @ 5 min active oxygen descum on the as-grown surface prior
the IR spectra throughout the from the photoresist-covered regions,to conta_lct metal depo_smo_n eliminates t_hls adventitious carbon and
which shows prominent peaks at 1510 and 1600%ikely indica- results in a 5! reduction in contact resistance to 0.06mm, the
tive of phenyl and carboxyl groups, respectively. Site B provide§econd lowest reported contact resistance to (01Gg0; to date.
an IR spectrum representation of those captured from nominallywe conclude that non-alloyed cqntacts are attainable via poth lift-off
clean areas after patterning that show a photothermal response &nd metal-bPrst contact processing when surface carbon is managed
1510 and 1600 ci that arise from the aromatic ring vibrations of aPpPropriately.
the cresol novolak-based photoresist (greenish-blue aqua célor).
The IR point spectrum from site B is similar to the IR spectrum
obtained from site A, conbrming the presence of residual photore-supl:)LEMENTARY MATERIAL
sist. In comparison, site C represents nominally clean areas with  Thesupplementary materigontains a detailed explanation of
no evidence of photoresist. The IR spectra obtained at site C déhe MOCVD growth, ion implantation, and complete fabrication
not show the characteristic photoresist peaks at 1510 or 1606.cm process of sample A. Additional data of the IV curves and complete
Therefore, sample G shows that the lift-off patterning process leavesLM analysis of samples B* B C, and D are included, along with
patches of photoresist behind on the f&a surface, and a two- the wafer map. Finally, a table of historically reported Ti/Au con-
minute 100 W active oxygen descum is not sufbcient to eliminateact resistance values plotted in grayin). 2and ToF-SIMS data of
carbon contamination before metal contact deposition, consistensample E are included.
with STEM Pnding on sample A. Incomplete photoresist removal
can further become baked onto the sample during ICP-RIE etch-
ing. Consequently, sample D that underwent an hour long UV 0zoneACKNOWLEDGMENTS
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