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Wet Etch Methods to Achieve Submicron Active Area Self-Aligned

Vertical Sb-heterostructure Backward Diodes

We report a citric acid, phosphoric acid, and hydrogen peroxide-based wet etch
technique for simplified fabrication of vertical InAs/AlSb/AlGaSb/GaSb
heterostructure-based devices. Specifically, we demonstrate this technique in the
fabrication of Sb-heterostructure backward diodes with 250 nm height and active
diode area down to 0.04 um? (critical dimensions 0.2x0.2 um?). The etch
chemistry developed here etches the entirety of the heterostructure non-
selectively, with little variation in etch rates among the different layers of the
heterostructure based on the sequential oxidation of III-V compounds to their
respective metal oxides and consecutive dissolution under acidic conditions. Sb-
based etch products, including Sb,Os, that inhibit etching in conventional
citric/peroxide etch chemistries are efficiently removed by the addition of
phosphoric acid, facilitating the formation of soluble Sb(V)-citrate complexes.
This etch chemistry demonstrates reaction-rate limited behavior and maintains a
linear etch rate throughout the InAs/AlSb/AlGaSb/GaSb structure.
Reproducibility of the etch method is further verified by current-voltage

characterization of diodes with areas varying from 0.04 to 1.8 um?.
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Introduction

Sb-heterostructure (InAs/AlSb/AlGaSb/GaSb) backward diodes are promising
devices for direct detection applications in millimeter-wave radiometers due to their
superior sensitivity and low noise. [1]-[3] These technologies are especially attractive
for passive sensing techniques in, for example, Earth observation instruments (imagers
and sounders). [4] For these applications, Sb-heterostructure diodes have demonstrated
superior responsivity at high cut-off frequencies with competitive noise equivalent
power (0.18 pW/Hz!"?), compared to traditional zero-bias Schottky diodes. [5]
Employing a molecular-beam epitaxy (MBE) grown Sb-heterostructure also allows

tailoring of the layer structure to maximize the application-specific figures of merit.



Furthermore, to achieve the desired noise and performance metrics, defining the active
area of the Sb-heterostructure diodes using wet etching is advantageous in order to
avoid surface damage caused by dry etch methods. [3], [6] Wet etch methods can also
be used to passivate the diode surface to further avoid excess noise sources originating
from dangling bonds. [7] A critical issue in sensing in the millimeter-wave and THz
regime is down-scaling of the device active area since this allows for improved
sensitivity at higher cut-off frequencies. However, due to the undercut that can occur in
wet etching, scaling of the device footprint remains a challenge. In this paper, we
demonstrate a reduction of 75% in diode active area, to deep submicron dimensions, by
utilizing an etchant mixture composed of phosphoric acid, citric acid, and hydrogen
peroxide, [8] achieving an area of 0.04 um? as compared to 0.16 pm? [3] previously

reported in the literature. [9]

The proposed etch and fabrication methods simplify processing and enhance
throughput by enabling the use of a continuous single-step etch process for defining the
active area of the InAs/AlISb/GaSb heterostructure diode; previous reports required a
series of selective etches that are challenging to control. [9] The developed etch method
may also be beneficial for fabrication of infrared (IR) detectors for short to long IR
wavelength (2 — 30pum) based on InAs/GaSb type II superlattice. [8] The etching
conditions are robust and lead to reduced and well-controlled undercut compatible with
various metal electrodes allowing for self-aligned diodes with active areas down to 0.04
pm?, rendering a top-down approach capable of rendering highly scaled Sb-
heterostructure diodes by wet-etching, which ultimately improves sensitivity for use in

detector application, e.g. mm-wave detectors. [8]



Device Structure

The Sb-heterostructure diodes are based on nearly lattice-matched InAs and Sb-
bearing layers grown on top of a GaAs substrate using molecular-beam epitaxy (MBE).
A GaAs [100] wafer is used with perpendicular [110] and [110] flats, later referenced
during device inspection. The specific heterostructure (from the surface) consists of the
following layers: 100 nm n'InAs, 50 nm n-InAs, 1.5 nm un-intentionally doped (UID)
AlSb, 15 nm UID AlGaSb, 50 nm p-GaSb, and 400 nm n'InAs, on top of semi-
insulating GaAs, see Figure 1. The n'InAs layer serves as the bottom contact in the
device, so the active device layers consist of the InAs/AlSb/AlGaSb/GaSb layers above
this, corresponding to a thickness of 216.5 nm. The “broken gap” band alignment
between InAs and AlGaSb facilitates the nonlinear current-voltage characteristics of the

devices, as needed for direct detection applications. [3], [10]
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Figure 1: Overview of the designed diode heterostructure highlighting the active
layer with the corresponding modeled energy band diagram (1D Poisson solver) at zero

bias.



Etch method

Diodes used for direct mm-wave detection require superior sensitivity achieved
by both diode non-linearity (current vs. voltage characteristics) as well as device
scaling, demanding novel etch techniques to facilitate scaled diode active-region
dimensions. Here, this is achieved by wet etching using an aqueous mixture of citric
acid, hydrogen peroxide, and phosphoric acid (CoHgO7:H202:H3PO4 10 mM:270
mM:680 mM). The etch chemistry is designed to exploit the selective reactivity of each
compound in a multi-layered device, such as the Sb-heterostructure described in Figure
la. Here, we present a detailed description of the sequential multistep etch-mechanism,
for all target compounds in the heterostructure, which is based on oxidation of the group
15 partner(s) and subsequent dissolution in acidic conditions.

First, hydrogen peroxide, a strong oxidizing agent with a reduction potential of
~1.76 V vs. normal hydrogen electrode (NHE), [11] reacts with a MIDY D metal alloy,
where M = In, Ga, Al (group 13 metals) and Y = As, Sb (group 15 metalloids). The
reduction potential is well positive of the valence band edge for all of the material
compositions, so it lies in the corrosion region. Here, 2¢/2H" reduction of H20> (eq. 1)
provides the oxidizing equivalents to drive the 8¢ oxidation of Y™ metalloids to their
YM-oxides (eq. 2).

H,0, + 2H" +2e~ <= 2H,0 (1)
2Y3 + 5H,0 < Y205 + 10H+ + 16 € )
The overall redox-reaction results in the formation of M>0O3 and Y205 metal oxides (eq.
3), so combining the redox (Y™ — Y™) and complexation (MY — M,0s) reactions
2MIy-1 4 8H,0, 5 M,05 + Y,05 + 8H,0 3)
While the formation of compounds in lower oxidation states, such as Sb, Sb,>O3, or

As203, 1s possible, the high concentration of H>O> in combination with low pH (~1.5)



enhance the propensity for reaction (1), suggesting that the fully oxidized species is the
dominant reaction product.

After oxidation, the metal oxides undergo dissolution in the highly acidic
environment (eq. 4), ultimately etching the material. The presence of phosphoric acid,
serves as a source of protons, and it can further aid the etching process by coupling
metal oxides that do not readily undergo dissolution in acidic media into their respective
phosphates and/or pyrophosphates (eq. 5):

M,0; + 6H* s 2M3* + 6 H,0 4)

M,0; + 2H;P0, = 2MPO, + 6 H,0 (5)
For example, GaPO4 was found as a by-product when etching GaSb with phosphoric
acid. [12] Notably, at a pH ~ 1.5, phosphoric acid predominantly exists in its fully
protonated state, H3PO4 (pKa ~ 2.1), thus, the impact of dihydrogenphosphate (H2PO4")
or more highly deprotonated species (HPO4>/PO4>") on the etch is marginal.

A major issue arises for the removal of SbaOs, which exhibits low solubility in
most acids and bases, and can impede both H>O2:H3PO4 and H>O;:Citric etch solutions.
[12], [13] The formation of soluble Sb(V) complexes with multivalent ligands, e.g.
tartrate, [13]-[15] is well known and the likely the source of the beneficial etching
effect of citric acid is the formation of Sb(V)-citrate complexes in highly acidic
environments (eq. 6):

Sb(V) + Cit = [SbCit] (6)
as supported by the observation of Sb(V)-citrate complexes such as [SbO(CitHz):] and

[Sb(OH)2(CitHz)2], in mass-spectrometry studies.[13], [16], [17]

Results and discussions

The samples (having the epitaxial structure in Figure 1a) were degreased with N-

methyl-2-pyrrolidone (NMP) based solvent at 90 °C, pre-treated with diluted HCI (1:4



DI), followed by lift-off of Ti/Au squares (feature sizes down to 200 nm) defined by
electron beam lithography and PMMA/MMA double layer resist. Additional samples
with larger patterns were also prepared using Ma-N optical resist as an etch mask for
etch rate studies. Citric acid (monohydrate) and phosphoric acid (85 wt%) solution were
mixed 24 hours prior to the etch with deionized water to a final concentration of 10 mM
and 680 mM, respectively, resulting in pH ~ 1.5. The solution was placed in an ice
water bath and stirred using a magnetic stirring rod for 20 minutes to ensure that the
citric acid is properly dissolved as well as allowing the solution to reach the target
temperature of about 4°C. Hydrogen peroxide (30% aqueous) is added, and the solution
is mixed for an additional 5 minutes (resulting volume and weight ratio;
C2HsO7:H3P0O4:H202:H20 9g:20ml:12ml:400ml). Adding the hydrogen peroxide in a
cooled liquid (4°C) minimizes thermal degradation. [18] Prior to etching the samples,
the stir rod is removed, and etching is performed under quiescent conditions. The
obtained etching rate against temperature with an Arrhenius plot inset as well as a
representative SEM image of the etch result at 4°C and 40°C is presented in Figure 2.
The exponential increase in etching rate with increasing temperature indicates that the
etch is reaction-rate limited (calculated activation energy of 0.49 eV [19]) rather than
diffusion-limited, which is in accordance with a multistep etch mechanism including a
rate-limiting step. Performing the etch at reduced temperatures, with slower kinetics,
serve to significantly reduce the lateral undercut (see Figure 2b, compare 4°C and
40°C), by promoting the formation of higher density (slower etching) crystal planes that

aid in achieving anisotropy. [20]
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Figure 2: (a) Measured Etching rate R vs Temperature 7 (°C) following the expected
trend for a reaction-rate limited etch regime, inset illustrates calculation of activation
energy E,=0.49 eV from an Arrhenius plot (In R vs 1/T (K'!), Boltzmann constant kg).
[19] (b) Oblique SEM imaging of wet etching results at 4°C and 40°C respectively using
Ti/Au (30/300 nm) metal electrode as an etch mask highlighting the decreased mask
undercut with lower temperature.

Figure 3 presents the measured etch depth vs time of the proposed etch solution
(C2H307:H3P0O4:H20») at 4°C and 21°C (room temperature) respectively as well as
oblique SEM images of etched heterostructure at varied time. To explore the role of
citric acid within the mixture, additional etching experiments were conducted in the
absence of citric acid (H3PO4:H203) at 4°C (Figure 3a). In the absence of citric acid, the
resulting etching rate of the InAs layer is slightly increased, rising from 54 nm/min to
59 nm/min. However, the phosphoric-only etchant slows significantly when reaching
the Sb-containing layer, after which the etching rate behaves non-linearly. In contrast, in
the presence of citric acid, the etch rate is constant throughout the Sb-containing layer,
consistent with the formation of soluble Sb(V)-citrate complexes [13], [16], [17] in
highly acidic conditions as discussed above (see Etch method section). The etch rates of

both etching solutions at 4°C are summarized in Table 1.



The oblique-incidence SEM images of etch results at 140 s, 240 s and 280 s (for

separate samples) using a Ti/Au etch mask (square 0.5x0.5 um?) are presented in Figure

3b. Different crystal faces for the different material compositions within the

heterostructure are clearly visible.
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Figure 3: (a) Etch depth vs time using the C;HgO7:H3PO4:H202 mixture (10 mM:270

mM:680 mM) at 4°C and 21°C (room temperature) and a H3PO4:H>O, mixture (270

mM:680 mM) in the absence of citric acid at 4°C. (b) Oblique SEM inspection of an

etched structure using citric and orthophosphoric etch solution with a square 0.5x0.5

um? metal (Ti/Au) electrode etch mask for 140, 240 and 280 s etch time (separate

samples).

Table 1: Etching rate of InAs and Sb-based layers (AISb/AlGaSb/GaSb) at

temperature T = 4°C for different combinations citric acid, orthophosphoric acid and

hydrogen peroxide.

Solution at T=4°C

Etching rate
InAs

Etching rate

Sb-based layers

CyHs07:H3POq4 <1 nm/min <1 nm/min
10 mM:270 mM

H3PO4:H20, 59 nm/min ~30 nm/min
270 mM:680 mM

C,HgO7:H3PO4:H202 54 nm/min 54 nm/min
10 mM:270 mM:680 mM




As noted above, despite the advantages of dry etching for the formation of
nanoscale, high-aspect ratio features, wet etching is advantageous for the fabrication of
these devices to avoid sidewall damage that can arise in dry etch processing. To
confirm the integrity of the sidewalls in the fabricated structures, the electrical current-
voltage (IV) characteristics of diodes fabricated using the proposed etch were recorded.
In addition, the DC performance metrics junction resistance and curvature for 190
diodes on the same chip were extracted from the measured current-voltage

characteristics and are shown in Figure 4. Here, curvature y quantifies the non-linearity

2
(responsivity) of the diode at zero bias defined as oL, o

and junction resistance is
vz’ av

. ] . .
calculated as the inverse slope 8_111 at zero bias. In the absence of sidewall damage, the

current should scale with respect to diode area, varying from 0.04-1.80 pm?, and the
junction resistance should scale inversely with area. As shown in Fig. 4(a), (b), this
expected trend is observed; the junction resistance scaling closely following the 1/area
trend (Figure 4b) indicates the absence of sidewall depletion or damage effects. The
diodes also show consistent zero-bias curvature, independent of area as expected. Due
to the well-controlled non-selective and reaction-rate limited etching, excellent yield is
achieved with reproducible undercut and etch depth, resulting in limited variation of

performance metric statistics over 190 devices on the same chip.
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Figure 4: Overview of the electrical performance of the fabricated diodes. (a)
Representative current vs voltage characteristics for effective diode areas (determined
by oblique SEM inspections) of 1.80, 0.49, 0.26 and 0.04 um?, respectively. (b)-(c)
Statistics of performance metrics (at zero bias) for 190 devices with varied cross-
sectional device area on the same chip, with insets of an oblique SEM image of
representative etched diode structure with Ti/Au (30/200 nm) anode and cathode contact
and 0.49 um? active area. (b) Junction resistance vs diode cathode area with device area
variation. Dashed line represents the expected area vs resistance scaling (1/area). (c)
Curvature vs diode area, showing a slight decline in curvature for larger devices with an

inset of an oblique SEM image of a representative 0.04 um? area diode.

Conclusion

Vertical Sb-heterostructure backward diodes with active area down to 0.04 um?
have been fabricated using a citric acid-phosphoric acid-hydrogen peroxide wet etch
composition. Here, using wet etching, as compared to dry etching, is a prerequisite for
limiting induced surface damage. The developed wet etch method achieves high
throughput and excellent reproducibility by non-selective etching of
InAs/AISb/AlGaSb/GaSb heterostructure by exploiting a combination of chemical
oxidation, acidic dissolution, and complexation. The crucial role of interaction between
phosphoric and citric acids to obtain a homogenous etch through Sb-containing layers
was demonstrated, suggesting the formation of soluble Sb(V)-citrate complexes under
acidic conditions facilitates removal of SboOs etch products. It was also found that
performing the etch at lower temperatures (4°C), is imperative to reduce lateral mask
undercut, ultimately enabling deep sub-micron device footprints. Thus, we have
achieved well-controlled and anisotropic wet etching of an InAs/Sb-bearing

heterostructures, used to realize diodes with active areas as small as 0.04 pm? that



facilitates next-generation Earth observation instruments by enhanced millimeter-wave
direct detection. Statistics of diode performance metrics derived from current-voltage

characterization further solidifies the reproducibility of the proposed etch method.
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