RESEARCH ARTICLE | AUGUST 14 2024
Optimization of submicron Ni/Au/Ge contacts to an
AlGaAs/GaAs two-dimensional electron gas ©

Matthew Mann @ ; James Nakamura; Shuang Liang; Tanmay Maiti; Rosa Diaz; Michael J. Manfra & ©

’ @ Check for updates ‘

Appl. Phys. Lett. 125, 073503 (2024)
https://doi.org/10.1063/5.0222647

@ B

View Export
Online  Citation

2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

90:20:1Z $20¢ 1snbny 9}

H Nanotechnology & ._ ” Optics & @ Impedance éé Scanning Probe —_— ﬁ Failure Analysis &
Materials Science Photonics Analysis Microscopy = Sensors T Semiconductors

Unlock the Full Spectrum.
o - From DC to 8.5 GHz.
*0. il | Your Application. Measured.

e s Il I \/ Zurich

HEHNEN
o : 7\ Instruments

AIP
é/_‘. Publishing



https://pubs.aip.org/aip/apl/article/125/7/073503/3308047/Optimization-of-submicron-Ni-Au-Ge-contacts-to-an
https://pubs.aip.org/aip/apl/article/125/7/073503/3308047/Optimization-of-submicron-Ni-Au-Ge-contacts-to-an?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0006-4370-451X
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-2049-8438
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0222647&domain=pdf&date_stamp=2024-08-14
https://doi.org/10.1063/5.0222647
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2529451&setID=592934&channelID=0&CID=910366&banID=522311052&PID=0&textadID=0&tc=1&rnd=2756927258&scheduleID=2447661&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1723842426708882&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0222647%2F20112061%2F073503_1_5.0222647.pdf&hc=2bc35a13f7bbd44cf07274bf21550a03ea62d18c&location=

ARTICLE

Applied Physics Letters

pubs.aip.org/aip/apl

Optimization of submicron Ni/Au/Ge contacts
to an AlGaAs/GaAs two-dimensional electron gas

Cite as: Appl. Phys. Lett. 125, 073503 (2024); doi: 10.1063/5.0222647 @ 1 @
Submitted: 9 June 2024 - Accepted: 5 August 2024 - 1
published Online: 14 August 2024 View Online Export Citation CrossMark

1,2,3,4,5,a)

Matthew Mann,' (¥) James Nakamura,” Shuang Liang,” Tanmay Maiti,” Rosa Diaz,® and Michael 3. Manfra

AFFILIATIONS

'Elmore Family School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907, USA
“Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA

*Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA

“School of Materials Engineering, Purdue University, West Lafayette, Indiana 47907, USA

®Microsoft Quantum Lab West Lafayette, West Lafayette, Indiana 47907, USA

3 Author to whom correspondence should be addressed: mmanfra@purdue.edu

ABSTRACT

We report on fabrication and performance of sub-micrometer Ni/Au/Ge contacts to a two-dimensional electron gas in an AlGaAs/GaAs het-
erostructure. Utilizing scanning transmission electron microscopy, energy dispersive x-ray spectroscopy, and low temperature electrical mea-
surements, we investigate the relationship between contact performance and the mechanical and chemical properties of the annealed metal
stack. Contact geometry and crystallographic orientation significantly impact performance. Our results indicate that the spatial distribution
of germanium in the annealed contact plays a central role in the creation of high transmission contacts. We characterize the transmission of
our contacts at high magnetic fields in the quantum Hall regime. Our work establishes that contacts with an area of 0.5 um* and resistance

less than 400 Q can be fabricated with high yield.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222647

The two-dimensional electron gas (2DEG) formed in modulation-
doped AlGaAs/GaAs heterostructures is a workhorse for experimental
exploration of mesoscopic physics, the fractional quantum Hall effect,
and construction of solid-state qubits." ® Establishing electrical contact to
the buried 2DEG is hindered by the Schottky barrier that forms at the
metal-semiconductor interface’” and the remoteness of the 2DEG from
the surface. A common approach to make Ohmic contacts is thermal
annealing a metal stack of Ni/Au/Ge that has been deposited on the sur-
face.'’""” By decreasing the contact size to sub-micrometer scale, galvanic
connections can be placed near the active region of mesoscopic devices
facilitating measurement of a wide range of interesting physics including
anyon interference and the multichannel Kondo effect.'”"* A few pub-
lished studies have reported annealing parameters and Ohmic metal
stack variations pursuant to the generation of micrometer-scale con-
tacts.””"*” Despite these efforts, the creation of high-yield, low resistance
micrometer-scale contacts that remain highly transmitting in the quan-
tum Hall regime remains an outstanding challenge. Our study builds
upon previous works by explicating a high-yield fabrication process and
provides analysis of the impact of contact geometry, crystallographic ori-
entation, and spatial distribution of metallic elements in the post-
annealed stack that determine the functionality of small Ohmic contacts.

To investigate the quality of our micrometer-scale Ohmic con-
tacts, we fabricate multiple devices using two distinct geometries: tradi-
tional high aspect ratio Hall bars and a second mesa design that
minimizes the contribution of the 2DEG to our resistance measure-
ments by placing one large area Ohmic contact near seven
micrometer-scale contacts with simultaneous reduction of the area of
2DEG between contacts. This second device geometry is shown sche-
matically in the inset in Fig. 2(a). Seven micrometer-scale contacts are
aligned to the [011]-oriented mesa edge spaced 20 um away from the
single large Ohmic drain contact. For the Hall bars, 2mm long
x 150 um wide rectangular mesas are defined, which are oriented par-
allel to the [011] or the [011] crystallographic direction of the GaAs
substrate. We place six micrometer-scale Ohmic contacts along each
edge of the Hall bar with large Ohmics at each end of the mesa serving
as source and drain contacts; the orientation, size, and geometry of the
micrometer-scale contacts are varied in our experiments. As shown in
Figs. 1(c) and 1(d), the contacts are either circular or rectangular. Our
devices are fabricated on a modulation-doped AlGaAs/GaAs hetero-
structure grown by molecular beam epitaxy with a 2DEG positioned
91 nm below the surface. As shown in Fig. 1(a), the active region con-
sists of a 500 nm GaAs layer, a 45 nm undoped AlGaAs spacer layer, a
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FIG. 1. (a) Schematic of the AlGaAs/GaAs heterostructure used in these experi-
ments. All devices were fabricated from a single wafer. (b) Schematic of fabrication
flow. (i) Deposited metal stack (yellow). (i) Metal is annealed. Aluminum in the
AlGaAs barrier (green) migrates from heterostructure to metal surface where it
forms a surface oxide (red). (iii) Aluminum oxide is etched away with TMAH solu-
tion. (iv) TiAu (brown) deposited. (c) SEM image of circular micrometer-scale
Ohmic contact. False colors indicate area (blue) and perimeter (red). (d) SEM
image of rectangular micrometer-scale Ohmic contact.

11.3 nm silicon-doped AlGaAs region, a 28 nm undoped AlGaAs layer,
and a 7 nm GaAs capping layer. The wafer presented in this study has
a 2DEG electron density of 1.9x 10" cm 2 and a mobility of
32x10°cm’/VsatT=03K.

Our experiments have identified several critical processing steps
for the creation of robust and low resistance contacts. The crucial steps
include: cleaning of the semiconductor surface after lithographic defi-
nition of the location for micrometer-scale contacts, but prior to depo-
sition of the Ohmic metal stack; organic residue removal immediately
after contact deposition but prior to the high temperature anneal; and
oxide removal before deposition of the metal that forms the fan-out
from the annealed micrometer-scale Ohmic to the bond pads. A
detailed description of our micrometer-scale Ohmic contact fabrica-
tion flow is given in the supplementary material.

The results of our first controlled variation study are displayed in
Fig. 2(a). In this experiment, the cleaning procedure immediately pre-
ceding the Ohmic metal deposition was investigated. All contacts were
annealed at 435 °C for 2 min. We alternatively used an oxygen plasma
only treatment and an oxygen plasma treatment followed by an addi-
tional HCI etch prior to loading into the metal evaporation system,
and for a third sample, we eliminated all cleaning treatments after pat-
tern definition. For these experiments, we used the device geometry
shown in the inset of Fig. 2(a) with circular contacts aligned along the
[011]-oriented mesa edge. Use of a 15 s oxygen plasma treatment
resulted in the average resistance of 356 = 24 Q for 0.5 um® contacts.
The error listed is the standard error of the mean calculated by divid-
ing the standard deviation of the resistance by the square root of the
number of contacts measured. No cleaning treatment immediately
prior to Ohmic metal deposition resulted in an average resistance of
411=36Q for 0.5 um? contacts. Interestingly, the average resistance
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FIG. 2. (a) Effect of different cleaning procedures prior to Ohmic metal stack depo-
sition. Inset shows device and measurement configuration with reduced 2DEG con-
tribution. These measurements were conducted at T=4.2K. (b) Impact of variation
of annealing parameters on contacts with rectangular and circular geometries. All
contacts are oriented along the [011] direction and have an area of 1 um?. The
contacts were fabricated simultaneously to minimize variations other than anneal
conditions. Resistance is measured at T =4.2K.

was 800 = 95Q when we included a 20 s HCI etch after the oxygen
plasma treatment immediately prior to loading the sample into the
metal deposition chamber. Cumulatively, these results suggest that
cleaning procedures designed to remove organic residue and surface
oxides that may etch or damage the top layers of semiconductor
can negatively impact the resistance of micrometer-scale contacts.
Nevertheless, the yield of working contacts remained 100 % regardless
of the cleaning procedure variations used to generate these datasets.
The data of Fig. 2(a) establish that sub-micrometer area Ohmic con-
tacts with average resistance less than 400Q can be fabricated with
high yield.

For the data displayed in Fig. 2(b), we used both circular and rect-
angular contact geometries and an on-mesa contact area of 1 um>. We
varied only the annealing time and temperature while keeping other
parameters of the fabrication process fixed. The data in Fig. 2(b) indi-
cate that contact geometry also plays an important role in contact yield
and variations. Figure 2(b) shows when the annealing parameters are
varied, the resistance of the rectangular contacts fluctuates signifi-
cantly, while the circular contacts maintain a consistently low value of
average resistance with less run-to-run variation. For contacts with cir-
cular geometry, variations in anneal temperature of 10°C and anneal
time of 1 min do not dramatically influence the average contact
resistance.

For the data reported in Fig. 3(b), the standard Hall bar geometry
shown schematically in Fig. 3(a) is used. For this fabrication run, the
semiconductor surface where we deposit the Ohmic metal stack is
cleaned with an oxygen plasma and an additional 30's in situ argon ion
mill in the metal deposition chamber immediately prior to the deposi-
tion of the Ohmic metal stack. We note that this argon ion milling step
did not improve the quality of our contacts. In fact, the contact resis-
tance was higher than the best results achieved at each contact size.

Our initial electrical characterization is carried out at T=4.2K.
For the Hall bars, we inject a 1 A low-frequency (<100 Hz) current
into a micrometer-scale contact and ground all other contacts as
shown in Fig. 3(a). We measure the voltage at the micrometer-scale
contact using standard low-frequency lock-in techniques and convert
the result to a resistance. We account for the small, but finite, resis-
tance of the 2DEG in the Hall bar and line resistances in the cryostat.
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FIG. 3. (a) Measurement configuration to assess contact resistance in the Hall
bars. Current is injected into a single contact, while all others are grounded. (b)
Effect of contact area and crystallographic orientation for circular contacts on a Hall
bar. Contact resistance is measured at T =4.2K.

We vary the contact size and contact orientation relative to the crystal-
lographic axes of the GaAs substrate. In Fig. 3(b), we take the mea-
sured resistance values for each circular contact and calculate the
average for each unique parameter combination. The standard error of
the mean is represented by the bars associated with each data point in
Fig. 3(b). For a contact area of 0.5 um?, this fabrication run yields an
average resistance of approximately 800 = 61 Q for circular contacts
along the mesa edge parallel to the [01 1] direction. The yield of work-
ing 0.5 um* contacts was 100 %. The contact resistance does depend
on alignment to a specific crystallographic axis; this dependence may
be associated with the contact’s exposure to crystallographic planes of
GaAs other than (001) on the sidewalls of the mesa edges. For both
orientations, the wet etch of the GaAs mesa creates sloped sidewalls;
the deposited metal stack remains conformal. We also note that for
both orientations, the average resistance scales inversely with contact
area. In Fig. 3(b), functions corresponding to 1/area are displayed and
appear to account for the trends in the data.

While our yield remains 100 %, we still observe a rise in resistance
as contact area decreases, as shown in Fig. 3(b). In the literature, this
increase has been attributed to reduced perimeter connecting the metal
to the surrounding 2DEG.””"*° We also observe that the orientation
of the contact relative to the crystallographic axis of the GaAs substrate
affects the resistance. As shown in Fig. 1(a), our contacts are aligned to
and overlap the edge of the mesa. This edge will either be parallel to
the [011] or the [011] direction. When aligned to the [011] direction,
the average contact resistance and the variation decrease. The average
resistance drops by as much as 40 %, and the standard deviation is
halved when a contact is aligned along the [011] direction while all
other parameters are kept constant.

The observed orientation dependence has been reported in previ-
ous works.'**”*” The origin of the orientation dependence has not
been conclusively established, but an explanation has been put forth in
the literature that focuses on the anisotropy of metal diffusion and the
interaction between the grains of metallic compounds formed during
the anneal and the semiconductor crystal lattice." ' **"*"** During the
anneal, nickel diffuses into the substrate and interacts with the germa-
nium and arsenic to form NiAs and NiGeAs grains. Germanium
migration into the semiconductor is further enhanced as germanium
transfers from the NiGe grains to the NiGeAs grains.”*® Once germa-
nium penetrates far enough into the semiconductor, it will heavily
dope the area around the metal contact and create a highly conductive
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connection to the 2DEG. In addition, it has been observed that the
crystal lattice of the NiAs and NiGeAs grains will orient themselves
along specific crystallographic directions of the host lattice.”"** Since
germanium diffusion is assisted by the presence of nickel, it is then
also influenced by the orientation of the NiGeAs grains. Germanium is
ultimately responsible for the heavy n-type doping of the surrounding
semiconductor facilitating good contact to the 2DEG, thus explaining
the orientation dependence of the contact resistance.

Our data indicate that contact geometry also plays an important
role in contact yield and variations. Figure 2(b) shows that our circular
contacts have extremely consistent resistance values compared to con-
tacts with rectangular shape. Evidently, circular contacts allow the
metal to diffuse more uniformly and to sample favorable crystallo-
graphic axis alignment, ensuring a more optimal distribution of ger-
manium in the heavily doped semiconductor region adjacent to the
2DEG. The circular contact still shows an orientation dependence, as
demonstrated in Fig. 3(a). This dependence is associated with the con-
tact’s exposure to the mesa edge. Thus, the optimal contact is created
with a circular geometry and aligned to the [011] crystallographic
direction.

We further characterize the electrical properties of our contacts
by measuring transmission in the quantum Hall regime at filling fac-
torsv=1and v =2 at T=03K. A 10 4V AC voltage is applied to
the large source contact. Current is drained at the micrometer-scale
contact under test and at the large drain contact at the end of the Hall
bar. In the context of Landauer-Bittiker formalism, transmission is
defined as the probability of an electron flowing from one terminal to
another terminal point. The current can be expressed as the current
carried by the mode times the average transmission probability of the
contact under test,

Ir = (&/h) x M x T x (V; = V), 1)
In=(&/h) x M x (1-T) x (V; = V)), ()
T = It/ (It + Iy). 3)

Here, Ir refers to the current drained through the micrometer-scale
Ohmic contact and Iy is the current that is drained through the large
drain contact at the end of the Hall bar as shown in Fig. 4(a). M corre-
sponds to the number of edge modes, T is the transmission of the
micrometer-scale contact, and V; and V; are the voltages at the con-
tacts under consideration. Note that since current is carried by edge
modes in the quantum Hall regime, this analysis assumes all edge
modes have the same transmission for a given contact. If the
micrometer-scale contact is perfectly transmitting, the entirety of the
impinging edge mode current will drain through it. Any current that
drains through the large drain contact at the end of the Hall bar is
referred to as reflected current. The transmission can be expressed as
ratio between the current flowing out through the micrometer-scale
contact and the sum of the reflected and transmitted current, i.e., the
total current. As shown in Fig. 4(c), our contacts have high transmis-
sion at the v=1 and v =2 quantum Hall states. Transmission at
v =1 is above 99 % for the 1 um? contacts. As the net transmission is
slightly less at v = 2, we may speculate that the transmission of the
slower, inner edge mode at v =2 is reduced in comparison with
the outermost mode. Once we have measured the transmission of all
the micrometer-scale ohmics, we change the measurement configura-
tion to source and sink the current through the large-area contacts and
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FIG. 4. (a) Measurement configuration for assessing transmission through a
micrometer-scale Ohmic contact. (b) Measurement configuration used to measure
the Hall resistance and longitudinal resistance with micrometer-scale Ohmic con-
tacts. (c) Plot of the average transmission with mean error at the v/ = 1, 2 plateaus.
All contacts used were circular and oriented along the [011] direction. (d) Hall resis-
tance and longitudinal resistance measured using micrometer-scale contacts as
voltage probes.

use the micrometer-scale contacts as voltage probes for magnetotran-
sport measurements. Figure 4(d) shows the Hall resistance and longi-
tudinal resistance measured using 0.5 um? contacts and measured at
T = 0.3 K in the magnetic field up to B=8.5T.

To better understand the microstructure generated in our
annealed contacts, we implement scanning transmission electron
microscopy (STEM) and energy-dispersive x-ray spectroscopy (EDX)
to quantify local chemical composition. In Figs. 5(a) and 5(b), we dis-
play the concentration and location of germanium in two representa-
tive contacts following an anneal. In the low resistance contact shown
in Fig. 5(a), the concentration of germanium is high near the interface
between the annealed metal and the 2DEG. Figure 5(b) displays the
same germanium mapping for an insulating contact; no significant
concentration of germanium is found near the interface. Figure 5(c)
shows the germanium concentration in this interfacial region for all
contacts examined correlated with the measured resistances. When the
germanium concentration reaches approximately 20 %, the resistance
drops by several orders of magnitude. The germanium heavily dopes
the semiconductor region n-type and thins the Schottky barrier at the
metal-semiconductor interface allowing electrons to readily tunnel
into the 2DEG, and, thus, the resistance drops."’zg‘}“ Our microstruc-
tural analysis and electrical characterization indicate a strong correla-
tion between the presence of germanium near the metal-2DEG
interface and low resistance. All low resistance contacts have two
important qualities. First, the metal spikes down into the heterostruc-
ture past the 2DEG during the anneal. Second, the area near the
Ohmic metal-2DEG interface becomes highly doped with germanium.
Note that low germanium content near the interface as shown in
Fig. 5(b) results in insulating contacts. In addition to germanium
migration, our EDX analysis also demonstrates aluminum migration.
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FIG. 5. (a) STEM image of micrometer-scale Ohmic contact with EDX showing high
concentration of germanium at the interface of a low resistance contact. The image
is a profile through the center of an annealed contact. The inset displays a close up
of the interface region between the annealed metal and semiconductor. (b) STEM
image of micrometer-scale Ohmic contact with EDX demonstrating low concentra-
tion of germanium near the metal-semiconductor interface of a high resistance con-
tact. (c) Graph of the concentration of germanium at the metal-semiconductor
interface as a function of resistance. Each data point represents a single 0.5 um?
contact. The resistance was measured at T=4.2K.

When the Ohmic metal spikes down into the heterostructure, it displa-
ces aluminum from the AlGaAs layer toward the surface, as
illustrated in Fig. 1(b-ii). Once in contact with air, the aluminum forms
an oxide. This thin oxide forms an insulating barrier to any
subsequent metal deposited on the contact.”””" We use a dilute tetra-
methylammonium hydroxide (TMAH) solution to remove the AlOx
before depositing a layer of Ti/Au on top of the contact, as shown in
Fig. 1(b-iii).

In conclusion, we have explored the parameters that control
the formation of high yield, low resistance, sub-micrometer
Ohmic contacts to buried 2DEGs in AlGaAs/GaAs heterostruc-
tures. The local distribution of germanium at the metal-2DEG
interface is demonstrated to be critically important. Furthermore,
our work has shown that contact geometry and crystallographic
orientation have a significant impact on the spatial distribution of
germanium. Implementation of rigorous cleaning protocols
ensures high yield contacts with an area of 0.5 um? and resistance
less than 400 Q.

See the supplementary material for the full fabrication process.
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