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Abstract

The II/VI semiconductor ZnSe is an ideal host for novel devices for quantum com-
putation and communication as it can be made nuclear-spin free to obtain long electron
spin coherence times, exhibits no electron valley-degeneracy and allows optical access.
Prerequisite to electrical quantum devices are low-resistive ohmic-contacts operating at
temperatures below 10 K, which have not been achieved in ZnSe, yet. Here, we present
a comprehensive study on the realization of ohmic contacts to ZnSe by three different
technological approaches, ion implantation of halogene donors, epitaxial doping with
in-situ contact processing, and finally, a unique ZnSe regrowth technique. The latter
allows to fabricate ohmic contacts with local doping that can be used to connect to a
buried conducting channel such as used in unipolar devices. DC measurements at cryo-
genic temperature revealed high contact resistivity for ohmic contacts to ZnSe doped
via halogene ion implantation, while in-situ Aluminium (Al) contacts on epitaxially
Chlorine-doped ZnSe yield record low contact resistivities in the order of 107> Qcm? at

4 K. Finally, making use of the regrowth technique, local ohmic contacts to ZnSe are



demonstrated, which still feature low contact resistivities of (1.4 4 0.4) x 1073 Qcm? at
4 K. These findings pave the way for new electrical devices in the ZnSe material system
such as field effect transistors, electrostatically defined qubits or quantum repeaters

operating at cryogenic temperature.

Introduction

Generally, low-temperature ohmic contacts to n-type classic I1/VI semiconductors (Zn, Mg,
Cd, -sulfides, -selenides and -tellurides) are an unexplored field with sparse results so far.
Most of the suitable metals lead already at room temperature (RT) to considerable high
contact resistances: For example in n-type ZnTe several metals (Al, Mg, W, InHg) were
studied in Ref. 1 and the best performance was found for tungsten contacts yielding contact

resistivities of about 4 x 1072 Qcm?

. For n-type CdTe slightly lower resistivities of about
1 -2 x 1072 Qcm? were achieved with in-diffused In contacts.? Substantially higher contact
resistivities of about 1 — 5 x 107! Qem? are reported for ZnS using Indium alloyed with
different metals.?® Similarly, most of the suitable metals for ZnSe also lead to considerably
high contact resistances exceeding 1 x 1072 Qcm? (for In and Mg contacts?) and poorly linear
current/voltage characteristics at low operating voltages. The lowest room temperature
contact resistance (3.4 x 107 Qcm?) has been observed with annealed Ti/Pt/Au contacts
on highly Cl-doped (2 x 10 ecm™2) n-type ZnSe.5 In Refs. 6,7, successful ohmic contacts to
a buried 2-dimensional electron gas in manganese doped ZnSe/(Cd,Mn)Se heterostructures
and superlattices was demonstrated by in-diffusion of Indium into the ZnSe. But in all
these studies no quantitative analysis of the contact performance especially at cryogenic
temperature is reported.

The absence of scalable and locally doped ohmic contacts operating at 4 K, currently
hamper the exploit of the excellent properties of ZnSe and related materials concerning

8,

quantum systems such as spin qubit devices®? and quantum repeaters required for quantum

computing and quantum communication, respectively. ZnSe is the ideal host crystal for



these applications for the following six reasons: (1) It is a direct semiconductor providing
efficient radiative recombination due to large transition matrix elements in the material.
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Towards a spin-to-photon interface, initialization and read-out of a single electron spin

by a single photon carrying the spin correlated frequency and polarization state has been
recently demonstrated.!* (2) ZnSe can be isotopically purified towards zero nuclear spin!*1°
to reduce hyperfine interaction and by that, to extend the single-spin dephasing time. (3)
ZnSe/(Zn,Mg)Se heterostructures facilitate a planar gate architecture and therefore are com-
patible with surface-code quantum error correction.!” (4) As the lattice parameters of GaAs
and ZnSe only differ by 0.2 %, high quality ZnSe/(Zn,Mg)Se heterostructures with defect den-
sities as low as that of GaAs/(Al,Ga)As can be grown by molecular beam epitaxy (MBE).!®
(5) The effective electron mass of ZnSe (e.g. 0.145m,'%) is small and fabrication of elec-
trostatically defined quantum dots (EDQDs) is not limited by the pitch of current gating
technology.?® (6) Finally, ZnSe exhibits no valley degeneracy and operation at elevated tem-
peratures up to 1 K might not be hampered by insufficient valley splitting. 2

To leverage the advantages of the ZnSe/(Zn,Mg)Se system for quantum device applica-
tions, we aim at locally doped ohmic contacts with linear current/voltage characteristics
and reproducible contact resistances of less than 1 x 1072 Qcm? operating at typical biasing
below 1 mV and at 4 K. This will allow for ohmic contact resistances smaller than the typical
resistance of a quantum point contact (order of von Klitzing constant Rk ~ 26 k) or a
single electron transistor at a bias, which is smaller than the typical charging energy of an
electrostatically defined quantum dot.®%2? Also the impact due to Johnson noise generated
at the contact resistance is sufficiently low for spin qubit devices?® and ohmic heat dissi-
pation compared to the typical cooling power of mixing cryostat at 100 mK is neglegible.
For ZnSe and related materials, n-type doping is usually performed by Chlorine (Cl) which
efficiently substitutes Se atoms in the lattice due to similar atomic radii of both species. To
3

date, typical bulk mobilities of 150 —530 cm?(Vs)~! and free carrier densities up to 10* cm™

can be achieved at room temperature (RT).?»?® The latter is sufficiently high to exceed the



metal-insulator-transition (MIT) in ZnSe,?! i.e. to maintain sufficient conductivity also at
cryogenic temperature. Typically, the contact resistance can be reduced by in-diffusion of
the ohmic metals in a post-metallization annealing procedure. In ZnSe, this approach is
counterproductive, as this can lead to disordering related generation and diffusion of group-
IT vacancies?® to the ZnSe surface. Laks et al.?” reported that Zn-vacancies form complexes
with p-type conductivity in ZnSe. Together with the efficient thermally induced diffusion
these defects likely can compensate the n-type conductivity below the ohmic contacts. This
might lead to the formation of additional barriers and nonlinearities of the current/voltage
characteristics. Apart from further improvement of the contact performance, the ability
of deterministically defined, spatially localized doping below the ohmic contacts must be
demonstrated to pave the way towards realization of EDQDs in ZnSe.

In this report, we address both open issues of ohmic contacts to n-type ZnSe, the paper
is organized as follows: In the first section we will compare conductivity of n-type ZnSe
obtained via implantation of Fluorine (F) and Cl and alternatively, by epitaxial doping of
ZnSe during the MBE growth. Especially in-situ doping with ZnCl, has been intensively
studied and allows to achieve free carrier densities up to 10 cm™ reported in Refs. 25,28.
But this approach cannot be directly applied for selective doping of ZnSe below the ohmic
contacts. Moreover, we observe that ion implantation technique, typically used for local
doping of high-quality Si qubits, is not applicable to ZnSe as the ion bombardment increases
the Zn-vacancy concentration. In the second section we report on the properties of different
ohmic contact metals deposited by in-situ (ZnSe kept in ultrahigh vacuum (UHV)) method
on ZnSe doped with Cl during MBE growth (in the following ZnSe:Cl) at RT and 4K.
Especially the in-situ deposition is a promising improvement as this avoids the formation of
an additional oxide layer between ZnSe and metal. Finally, in the last section of the paper,
we demonstrate a scalable approach of spatially selective n-type doping of ZnSe based on
a sophisticated regrowth technique of ZnSe:Cl by MBE in combination with the optimized

in-situ ohmic contacts.



Fabrication Methods

The samples consist of ZnSe layers with thicknesses of ¢ = 700 — 1100 nm grown by MBE
on undoped GaAs substrates. The ZnSe was doped in-situ with Cl during the epitaxial
growth or undoped (typical n-type background carrier concentration of ~ 10> cm™2). The
latter was used for the investigation of doping via ion implantation with F or Cl at different
acceleration voltages and ion doses (see Tab. 1). All implantation runs were performed under
an angle of 7° with respect to the MBE growth axis in (100)-direction.

Metal deposition was accomplished directly after the MBE growth of ZnSe. For this
in-situ deposition, the samples were kept under UHV conditions during the whole process to
suppress the formation of an oxide layer at the ZnSe/metal interface. The implanted samples
were in-situ covered with about 50 nm thick Al contact layers. In case of the samples doped
during growth, we tested the in-situ technique with different metals (Al, Ti, Mg) using
typical contact layer thickness of about 120-150 nm. For the Mg contacts the thickness was
20nm below a 100 nm thick Al passivation layer.

Unless otherwise specified, we have chosen the transmission line model (TLM)? contact
geometry to evaluate both, the contact and the bulk resistance in our n-ZnSe samples.
Contact patterns were defined by optical lithography using the photoresist AZ 5214 E in
a positive process and the developer AZ 326 MIF. After resist patterning the metal was
etched either by TMAH based developer for Al contacts, or HF (1%) for Mg or Ti contacts.
The size of the contact pads is typically 190 pm x 75pm. For the TLM design the contact
spacing ranges from 30 pm to 180 pm in steps of 30 pm. For several exemplary samples, mesa
structures with channel widths of 10 pm and 50 pm were fabricated by repeating the positive
resist lithography process and applying a subsequent etching of the ZnSe down to the GaAs
substrate with a KyCrsO- : HBr: HyO solution.

In order to determine the doping concentration in the ZnSe samples, secondary ion mass
spectrometry (SIMS) analyses were performed. The background-corrected intensity profiles

were quantified using an implantation reference sample. The free-carrier concentration in



the ZnSe samples doped in-situ during growth was extracted from Hall measurements with

the van der Pauw method.

Results and Discussion

Ohmic contacts to Fluorine and Chlorine implanted ZnSe

The contact resistance of ohmic contacts to semiconductors can be substantially reduced

by the local enhancement of the free-carrier concentration in the semiconductor below the

contact metal. In various material systems,30 32

efficient local doping was achieved by ion
implantation. Since the halogenides are prominent n-type dopants for II/VI semiconductors
(Ref. 33 and references therein), we investigated the conductivity of ZnSe layers that were

implanted with F or CL.

Table 1: Overview of the implanted ZnSe samples used for our studies. Sample A was
implanted with three different implantation runs to obtain a homogeneous doping profile
below the contacts. Samples B and C were implanted only once to reduce implantation
damage. The ion energies and doses were adapted to achieve the same depth profile for both
ion species.

sample ion energy (keV) dose (cm™?)

110 4 x 10
A F- 50 1 x 10"
20 6 x 103
B F- 20 2 x 10™
C Cl- 40 1.2 x 1014

We performed the ion implantation into ZnSe with varying implantation energies and
doses as shown in Tab. 1. These implantation parameters were estimated on the basis
of SRIM simulations: Firstly, we have chosen a maximum doping concentration of about
10" cm 3 for comparison of all samples. Secondly, the implantation energy was adjusted to
achieve the same penetration depth profiles for samples B and C. The latter were implanted
with F and Cl, respectively, using only one implantation run. Furthermore, significantly

low implantation energies were chosen to minimize implantation damage. Alternatively, in



sample A, Fluorine ions were implanted with three implantation runs with different energies
and corresponding doses. These parameters allow to achieve a homogeneous doping profile
in the order of 10* cm ™ within a region of ~ 250 nm below the surface.

SRIM simulations (dashed lines) and quantified SIMS datasets (solid lines) of samples
B and C are shown in Fig. 1. The SIMS profiles were obtained from the as-grown samples
without any annealing treatment. Note that the depth profiles of both samples are nearly the
same as we intended with the parameter sets obtained from the preceding SRIM simulations.
Experimental and simulated ion concentrations are in good agreement especially close to the
surface. However, the calculated penetration depth at which the concentration drops to 1/e
of its maximal value is about 15 to 20 nm, while that measured by SIMS is larger (about 30
to 40 nm for both ion species) due to substantial ion channeling.

Electrical properties of contact and bulk material can be accessed experimentally when
the total device resistance R is measured as a function of contact spacing L according to the
TT,M: 529,34

R(L) = pL/W + 2R, (1)

The slope of R(L) depends on the substrate sheet resistance ps and the width W of the
conducting channel. We assume both contacts to provide the same resistance R.. For
infinitely infinitesimally close contacts, R equals twice the contact resistance.

The electrical measurements for the samples listed in Tab. 1 are depicted in Fig. 2. The
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Figure 1: Quantified SIMS depth profiles (full curves) and corresponding SRIM simulations

(dashed lines) of the ion concentration in the samples B and C.
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Figure 2: IV curves obtained from F and Cl implanted ZnSe samples. While different ion
implantation parameters were used, all samples were measured with in-situ deposited Al
contacts and 30 pm contact spacing. The asterisk marks annealed pieces of the samples. a)
F implanted samples (A, B, B*). b) Cl implanted sample (C, C*) and undoped reference
sample (R). The inset in a) represents an expanded view of the IV curves obtained from
sample B and C for direct comparison at small voltages.

1V curves were achieved by two-terminal measurements at a needle probe station under
ambient light conditions. Although we measured I'V characteristics for several contact dis-
tances between 30 pm and 180 pm, no contact spacing dependent splitting of the curves was
observed. The absence of such a dependence indicates a predominance of the contact resis-
tance over the bulk resistance. For each of the implanted samples, the results obtained for
L = 30 nm channel length are presented in Fig. 2. The common feature of the curves of all
implanted samples is the high total resistance in the order of 10! € to 102 ) especially at low
voltages. Moreover, a severe nonlinearity of the I'V curves in Fig. 2 is observed and reveals
the presence of multiple current blocking regions below the contacts of all samples. Over
the entire voltage range, the lowest current is measured in case of sample A which results
from the severe implantation damage induced to this sample within the three implantation
runs. A reduction of the implantation energy (sample B) distinctly increases the currents
for voltages > 5V, however, the resistance around 0V is only slightly decreased. The change
from F to Cl ion implantation (sample C) further improves the I'V characteristics at higher
voltages, while the resistance around 0V is similar to that of sample B. Although the Cl
implantation was performed at higher acceleration voltages (Tab. 1), the conductivity of the

samples is not further reduced. The latter indicates that Cl ions more efficiently compensate



the effect of implantation damage than F ions. However, for reference, we measured an
undoped and unimplanted sample R, which exhibits a remarkably improved IV character-
istics and an about two orders of magnitude reduced resistance of approximately 3 x 10° Q
around 0V. This demonstrates that the implantation damage on the atomic lattice exceeds
the benefits of doping ZnSe by Cl and F implantation.

First-principles total-energy calculations performed by Laks et al.?” suppose that Zn
vacancies form acceptors in n-type ZnSe. Therefore, we conclude from the observed IV
characteristics in Fig. 2 that our implantation technique leads to the formation of these
Zn vacancies. The highest concentration of such defects is most likely located close to
the surface, e.g. near the ZnSe/metal interface. Consequently, the p-like behaviour of the
vacancies acts as a counterpart to the intended n-type doping. The samples B* and C* are
pieces of the F and Cl implanted samples B and C that were thermally annealed for 3 min at
250°C to recover the crystal structure and further activate donors. The corresponding IV
curves shown as dashed lines in Fig. 2 indicate a reduction of the resistance within one order
of magnitude in both cases. However, subsequent further annealing of samples B* and C*
for additional 3min at 300°C induced a substantial degradation of the contacts and again

an increase of the resistance (Fig. S1, Supporting Information).

Variation of contact metals and interface conditions of in-situ doped

ZnSe:Cl

An alternative doping technique to ion implantation is in-situ doping of the ZnSe layer dur-
ing MBE growth. As doping atoms, both F and Cl were studied. In case of F, doping

concentrations in the order of 10 cm—3

were obtained but the incorporation of F drastically
hindered the epitaxial growth of the ZnSe films. However, for Cl, successful epitaxial doping
has already been reported.?>?® We were able to control both, the layer thickness and Cl

concentration and obtained doping levels up to 2 x 10*® em™2 (Fig. S2, Supporting Informa-

tion). In the following, we will use this ZnSe doping method for studying the metal contact
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Figure 3: Metal contacts to n-type ZnSe fabricated by the in-situ method. a) I'V data for
different contact materials (Al, Ti, Mg) on separate ZnSe:Cl substrates (n¢ & 101 em™2).
The lateral contact spacing is L = 30 um. b) Total device resistance for Al, Ti and Mg as a
function of the contact spacing L for samples without mesa etched linear transport channel
(same color code as in panel a). Fits to the data are plotted with solid-lines and labeled
with the fitted contact resistivities p..

resistivity p. in this section. All samples provide a Cl concentration of ¢y > 10 em™2 which
is on the metallic side of the MIT. In case of all ex-situ techniques contact formation at the
metal-ZnSe interface is hampered due to formation of a native oxide. XPS studies performed
in Ref. 35 identified this native oxide as a thin SeOs layer on top of the ZnSe surface. So far
in the literature the lowest p. was reported for a layer stack of Ti/Pt/Au contacts® where
the oxide was wet-chemically removed prior to metallization. We also carried out several
post-growth surface treatments (see Supporting Information), but none of them has led to
a substantial improvement of the contact performance. Consequently, we focused our main
efforts on entirely avoiding any oxide formation by making use of in-situ fabrication (e.g.
maintaining UHV conditions between ZnSe MBE growth and the metallization step). Due
to the low barrier height according to the Schottky model,3¢ the contact metals Ti, Al and
Mg were investigated in this study.

Fig. 3 a shows the IV characteristics for the in-situ deposited metal contacts with a
distance of L = 30 pm. The data were obtained by four-terminal measurements in darkness
at a needle probe station. For in-situ contacts, R is in the order of 102 and the IV char-

acteristic is linear in case of all three contact metals. Resistance variations between devices
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with same metal contacts are less than 10 %. Furthermore, the device resistance shows a
clear monotonic dependence on the contact spacing L (Fig. 3 b). We confirm the expecta-
tion of substantially lowered contact resistance for a metal-semiconductor interface without
interfacial oxide by comparing in-situ and ez-situ (air exposure and various pre-treatments
prior to metallization) contact resistivities (Fig. S3 and S4, Supporting Information).

We now quantify the contact resistivities of the in-situ metal contacts. Fig. 3 b shows
a non-linear dependence of R(L), since the samples do not provide a mesa etched linear
transport channel. To include the fully three-dimensional nature of the current distribution
in our device, we applied a finite-element solver and modeled the device with a Cl-doped
ZnSe layer of thickness ¢, a 10 nm thin resistive contact interface layer and a perfect contact
metal (neglecting metal resistance). R(L) is fitted using the ZnSe bulk resistivity p, and
the metal/ZnSe contact resistivity p. as free parameters (solid lines in Fig. 3 b). According
to the TLM,?° the current density under the metal contact drops on a length scale of the
transfer length L

Pe
L= [P 9
' Ps 2)

where p; = pp/t is the ZnSe:Cl sheet resistance. The fits provide both ps and L, from
which p. can be calculated using Eq. 2 (see Fig. 3 b). The simulated transfer lengths and
sheet resistances are 7.7 um, 11.4 pm, 29.5 pm and 392 /sq, 29 Q/sq, 27 Q/sq for the contact
metals Al, Mg and Ti, respectively. The lowest contact resistance at room temperature
pe = 2.3 x 107°Qem~? is determined for Al. The width of the metal contact (along the
bias gradient) is larger than L; by a factor of 6 at least, thus Eq. 2 applies. Remarkably,
the contact resistances for Al and Mg of the samples fabricated with the in-situ method
are well-below the value of p. = 3.4 x 1074 Qcm? observed in Ref. 5. In this reference, wet
chemical etching of the ZnSe after exposition to air was investigated. With our proposed
in-situ, method, we observed to our knowledge the best room temperature values regarding
the contact resistivity of n-ZnSe contacts. In particular, the low ®,, metals Al and Mg show

excellent values for both L; and p.. This progress allows us to study the ohmic contact
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Figure 4: Properties of metal contacts to n-type ZnSe fabricated by the in-situ method.
a) I'V data measured at 4K for different contact materials (Al, Ti, Mg) on ZnSe:Cl samples
(nc1 &~ 101 em™2). The lateral contact spacing is L = 200 pm, contact size is 500 pm. b)
Total device resistance as a function of the side length of square-shaped metal contacts for
Al, Ti, and Mg (same color code as in panel a). R is measured at room temperature (open
circles) and at 4 K (dots), respectively. Resistances of setup wiring are subtracted.

resistance at a temperature of 4 K.

Ohmic contacts to ZnSe operated at 4 K

Since all-electrical quantum devices such as EDQDs operate at low temperatures down to
10 mK, we study whether our ohmic contacts remain operable at 4 K. At this temperature
thermionic charge transport across the Schottky or any other contact barrier is sufficiently
suppressed. Fig. 4 a shows the IV characteristic of Al, Mg, and Ti ohmic contacts to
ZnSe:Cl (ng ~ 10" em ™) measured at 4 K. Wire bonding is used to electrically contact the
structures. (Using a 20 pm thick Al wire, typical wire-bond parameters are a bond power
of 240 mW x40ms = 0.96mJ, which is adjusted to be as low as possible. We experienced
insufficient adhesion applying Au ball bonding on the Al pads.) The data is corrected
for resistances of the setup wiring by subtracting the separately measured temperature-
dependent resistance offset of the setup or by using four-terminal measurements. We observe
linear IV characteristics, the slopes of which are slightly dependent on the contact metal.
Fig. 4 b shows the extracted resistances for each contact metal as a function of the side length

of the contact pads. The observed super-linear drop of the device resistance is expected, as
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Figure 5: Characteristics of mesa devices with in-situ Al contacts at RT and 4K. R(L) for
different channel widths gives direct access to bulk and contact resistivities that are similar
for RT and 4 K. Simulations (lines) can reproduce the data by fitting p. and ps. Resulting p.
is given next to the data. The inset shows the device geometry used for definition of contacts
(black) on a mesa etched doped ZnSe channel (black/gray).

the contact area increases quadratically with the contact size. Note that the resistances
roughly coincide for 4K and RT, since two effects, the bulk resistivity reduction (depending
on electron mobility and bulk doping concentration) and the contact resistivity increase,
seem to counterbalance. Most importantly, the contact resistance depends only marginally
on temperature and we conclude that a thermionic part of charge transport across the
metal /ZnSe junction is negligible.

The excellent performance observed for in-situ fabricated contacts enables us to quanti-
tatively study contact resistance and transfer length of Al/ZnSe:Cl ohmic contacts at 4 K.
We have chosen Al contacts as they provide low p. and are easy to fabricate. Two mesa
devices on a 10x10 mm? chip were characterized including error analysis. Typical fabrication
tolerances in device dimensions of ~ 1 pum for optical lithography and ZnSe layer thickness
variations of 2% across the chip enter the error calculations. Structures with two different
channel widths (10 pm and 50 pm) are investigated. Fig. 5 shows the device resistance R

for the 10 pm and the 50 pm mesa samples with varying contact spacing for both RT and
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4 K. The linear increase in R with increasing contact spacing equivalent to the mesa channel
length is clearly visible. Remarkably, no significant temperature dependence of R is observed.
The small decrease of % at 4K compared to RT agrees with a small decrease of the bulk
ZnSe resistivity observed by Hall measurements at 4 K.

For quantitative results a finite element solver and the device geometry is utilized to
determine transfer length and contact resistivity. R(L) is fitted using ZnSe bulk resistivity
and contact resistivity as free parameters. Fig. 5 shows good agreement of measurement
and simulation. Based on these considerations, for Al, the specific contact resistivity at
room temperature is determined with p. = (2.3 £ 0.9) x 107° Qem? (Ly = (7 £ 2) pm,
ps = (44 £ 3)Q/sq) for the 10 pm wide mesa device and p. = (6 £ 2) x 1075 Qem? (L =
(11 £ 2) pm, ps = (45.5 £ 0.7) Q/sq) for the 50 pm wide mesa device. At 4K, the contact
resistivity increases for both structures up to p. = (4 £2) x 107° Qem? (Ly = (10 £ 2) pm,
ps = (42 £ 3)Q/sq) and p. = (17 £ 3) x 107° Qem? (Ly = (20 £ 2) pm, ps = (42 + 3) Q/sq)

for the 10 pm and the 50 pm structure, respectively.

Local ohmic contacts fabricated using a regrowth process

Following the above presented results of excellent ohmic contact performance with in-situ
Al contacts on ZnSe:Cl substrates doped during MBE growth, we developed a regrowth
fabrication process to demonstrate local ohmic contacts that are in principle suitable to access
a buried conducting channel in a ZnSe based heterostructure selectively. For this approach,
we used a ZnSe:Cl substrate with a carrier concentration of about 7.5x 107 cm~3. The sample
was in-situ capped with AlyO3 as a mask to enable subsequent selective epitaxial overgrowth
with highly doped ZnSe:Cl. Firstly, the sample was covered with the photoresist AZ 5214
E and via optical lithography, openings for the designated ohmic contacts were defined in
the resist. Then the Al,O3 was removed in these holes using standard reactive ion etching
(RIE) with a CHF3/O9 mixture (55 sccm/5scem), and subsequently we further etched about

35nm deep into the ZnSe:Cl layer by RIE using a Cly/Ar mixture (50sccm/5scem). To
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remove potential near-surface defects that may have been caused by RIE and smoothen
the ZnSe surface inside the hole, a wet chemical etching step with a KyCroO7:HBr:H,O
solution was conducted. Afterwards, the sample was transferred into UVH conditions within
30 minutes. Before application of the epitaxial overgrowth, a thermal cleaning for 30 min
at 150° C together with a hydrogen plasma cleaning for 5min was conducted to remove

3739 Following this surface treatment, the sample was

contaminants and oxide on ZnSe.
ramped up to a substrate temperature of about 290 °C while contineously providing a growth
typical Zn flux (e.g. about 1 x 107% mbar beam equivalent pressure). Then, ZnSe:Cl with a
doping concentration in the order of 10! cm™3 was epitaxially regrown by MBE to fill up the
predefined holes. Finally, on top of the ZnSe:Cl, in-situ Al ohmic contacts were deposited
and the redundant material between the contacts was etched away from the Al,Og3 layer.
The cross-section drawing of the obtained device structure is illustrated in Fig. 6 a.

Additionally, a reference sample was fabricated. The cross-section drawing of this sample
is presented in Fig. 6 b. Hereby, we have grown another ZnSe:Cl substrate with same thick-
ness and doping concentration as the regrowth sample. However, in this case, an additional
about 30nm thick ZnSe:Cl layer ("layer 2") with a doping concentration in the order of
10' cm =3 was grown on top of the substrate during the same MBE run. This configuration
consequently provides the ideal interface between the substrate and the highly doped ZnSe:Cl
contact layer. Subsequently, in-situ Al was deposited to form the ohmic contact in the same
way as for the regrowth sample. Finally, both the Al and the highly doped ZnSe:Cl layer
were etched away between the contacts to enforce the current transport through the interface
between the lower doped ZnSe:Cl substrate ("layer 1") and the highly doped ZnSe:Cl regions
("layer 2") below the Al contacts.

The comparison of the I'V characteristics of both samples allows to quantify the impact
of the regrowth interface (i.e. between the etched ZnSe:Cl substrate surface and the regrown
Al/ZnSe:Cl contact region) on the current transport. Fig. 6 ¢ shows the IV characteristics of

the regrowth (red) and the reference sample (black) at room temperature (full curves) and 4 K
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Figure 6: Local ohmic contacts on a sample fabricated via the regrowth method (RG)
and a corresponding reference sample (Ref), both measured at room temperature and 4 K.
a) Schematic cross-section view of the regrowth sample and b) of the reference sample,
respectively. c¢) IV characteristics for both samples with an exemplary contact spacing
of 30um. d) Total resistance (symbols) as a function of contact spacing and the related
simulations (lines).

(dashed lines), respectively. Remarkably, the behavior is nearly identical for both samples.
At room temperature, the curves are linear whereas they exhibit a slight non-linearity at
4 K. Fig. 6 d shows the total resistance of each sample as a function of the contact spacing.
The contact resistivities are extracted from the related finite element simulations; p.(RG)
= (1.740.2) x 107" Qcem™2 and pe(Ref) = (5+1) x 107*Qem™2 at room temperature as
well as p.(RG) = (1.4 +0.4) x 1072 Qem ™2 and p.(Ref) = (1.0 4+0.2) x 1073 Qcm =2 at 4K.
We obtain similar results for the regrowth and the reference sample, which demonstrates the
excellent quality of the regrowth interface and the absence of current transport barriers due
to the etching and regrowth process. Furthermore, the resistances are distinctively increased
at 4 K. Together with the non-linearity of the I'V curves, we attribute this effect to the
comparably low carrier concentration of the ZnSe:Cl substrate (ng ~ 7.5x 107 cm™2), which

is considerably below the carrier concentration of the MIT and therefore also temperature
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dependent. This is consistent with the values obtained for the sheet resistances at 4 K
(ps(RG) = (1.8 £0.2) kQ/sq and ps(Ref) = (2.0 £ 0.2) k2/sq), which are about a factor of
50 higher than the sheet resistances obtained for the highly doped ZnSe:Cl substrate in the

previous section.

Conclusions

Low resistivity ohmic contacts to the wide-band-gap material ZnSe have been investigated.
Hereby, we studied two different doping methods and fabrication techniques for the contact
formation: F and Cl ion implantation led to strong irreversible implantation damage hin-
dering the formation of ohmic contacts. Alternatively, epitaxial doping with Cl during MBE
growth allows to control doping concentration and mobility. For substrates with doping con-
centration above the MIT, we identify in-situ deposited Al as the best contact metal to obtain
low-resistivity ohmic contacts. The properties of these contacts were quantified by TLM,
revealing contact resistivities as low as p. = 2.3 x 1075 Qcm? at RT and p. = 4 x 107° Qcm?
at 4 K, respectively, obtained from the best device.

Finally, we demonstrate that the in-situ contact method can be combined with a novel
regrowth technique. The latter enables fabrication of local contacts to a buried conduct-
ing layer preserving the excellent properties of highly doped ZnSe:Cl samples with in-situ
Al contacts at room temperature and 4 K. The comprehensive study of the ohmic contact
performance on ZnSe:Cl using in-situ metal contact deposition in combination with the
sophisticated regrowth technique for local ohmic contacts opens up enormous potential of
ZnSe based heterostructures for application in novel all-electrical quantum devices operated

at cryogenic temperature.
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