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Surface treatments to reduce leakage current in Ing 55Gag 47As p-i-n diodes
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The impact of mesa surface conditions on the dark current of a homojunction Ing 53Gag 47 As p-i-n
diode has been investigated. Three treatments were performed on mesa structures with a 100 nm
i-layer—sidewall exposure to O, plasma, sulfide treatment, and divinylsiloxane-bis-benzocyclobutene
(BCB) passivation that resulted in perimeter normalized current, J;, of 0.01 A/cm, 0.35 pA/cm, and
35nA/cm, respectively. This study spanned several days and it was shown that sulfide layer, unless
properly capped, deteriorates over time whereas the BCB passivation properly encapsulates the mesa
and does not degrade for longer periods of time. © 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4914403]

I. INTRODUCTION

With the advancement of the low-power electronics
industry in the past decade, there is a drive to reduce power
consumption to increase battery life while maintaining high
performance. Constant field scaling necessitates Vg4 scaling
with every generation.' As CMOS devices are being scaled
down, there has come a time when dynamic power and static
power dissipation of an individual device are comparable,
because of thermionic emission, which is the dominant car-
rier transport mechanism in a MOS-FET. In a tunnel field-
effect transistor (TFET), instead of hopping over a barrier,
the carriers are transported through a mechanism of quantum
mechanical band-to-band tunneling, which does not limit the
subthreshold swing to 60 mV/decade as in the case of a
MOSFET. Because the swing can be sub-60 mV/decade,2
the off-current can be significantly reduced, while maintain-
ing a high on-state current. High drive currents have been
demonstrated by bandgap engineering in heterojunction
TFETs (Refs. 3 and 4) and J-doping in homojunction struc-
tures,”® but they still lag behind MOS-FETs at the equiva-
lent technology node.” This paper addresses the problem of
off-state current in a homojunction Ing 53Gag 47As TFET.

A TFET operates as a reverse-biased p-i-n diode with a
gate over the intrinsic region. The off-state current of a
TFET can therefore be defined as the current flowing in a p-
i-n diode in reverse bias mode, or leakage current. In vertical
mesa p-i-n structures, leakage current can be either bulk
leakage (area-dominated) or surface leakage (perimeter-
dominated). A lot of photodetector literature has focused on
bulk leakage as the major contributor to leakage in a p-i-n
diode, but as the dimensions of a device are being scaled
down, the surface impact on leakage increases tremendously.
It has been shown that an in an unpassivated device with an
In or Ga rich surface, the mesa sidewall oxidizes when
exposed to atmosphere, leading to Fermi level pinning at the
surface. The inversion layer has an ohmic contact to the n-
type substrate and forms a sidewall p-n junction at the p* /i
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interface. Tunneling occurs when the p-side is heavily doped
and the energy of electrons in the p*" region overlaps the
empty states in the conduction band of the n* " region caus-
ing a shunt path for current to flow without the application
of any gate bias.* ' Low temperature characterization done
by Lin'' showed the impact of surface leakage on the
reverse-bias current in a p-i-n diode, by depleting the surface
of charge carriers.

This study shows the effectiveness of two surface treat-
ments—a sulfide treatment and divinylsiloxane-bis-benzocy-
clobutene (BCB) passivation—in reducing leakage current
in a homojunction Ing 53Gag 47As p-i-n diode. Sulfur in am-
monium sulfide, (NH4),S, is known to passivate dangling
bonds at ITI-V surfaces.'>'* BCB is a polymer resin that has
been traditionally used in the industry as a planarizing mate-
rial and a low—k inter-layer dielectric.

Il. EXPERIMENT

In this study, a homojunction Ing 53Gag47As p-i-n struc-
ture was grown using molecular beam epitaxy on an InP sub-
strate. The layer structure consisted of a 30nm p* " doped
region followed by a 100 nm intrinsic region. A 30nm n*"
region was grown on top of the intrinsic region (Fig. 1a). For
a comparative study spanning multiple days of electrical
testing, four samples of the p-i-n structure were used.

Two hundred nanometer of Mo was deposited by DC
sputtering. The mesa patterns were defined by optical lithog-
raphy using a g-line stepper. The pattern was transferred to
the Mo in a RIE chamber using SF¢ chemistry. Using the
etched Mo as a hard mask, the Ing 53Gag 47As mesa etch was
performed using a 20:1 citric acid:H,O, solution'* for 118s.
The control sample, D1, was tested directly after the etch.
Sample D2 was dipped in a 1:4 (NH4),S:H,O solution for
10 min post the mesa etch, followed by a quick rinse in iso-
propyl alcohol and water after which it was immediately
tested. D3 was coated with Cyclotene 3022-35 (1:1
BCB:Mesitylene) after the citric etch followed by a 5min
bake at 140°C and curing at 250°C in a N, ambient for
60 min. After the cure, BCB was etched back to expose the
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top metal, which was done in a plasma etch tool using a
combination of O, and SFg based chemistry. After the
desired thickness of BCB was etched, D3 was tested. In the
fourth sample, D4, BCB was further etched to expose the
mesa sidewall to an O, plasma after which it was tested. The
basis of the overetch was that surface oxidation leads to par-
allel conduction paths in a III-V diode and to therefore study
the impact of oxidation, an extreme case of exposure to an
O, plasma was implemented (Fig. 1).

lll. RESULTS AND DISCUSSION

In order to standardize leakage current for a proper com-
parison of treatments across diodes of different sizes, I,
observed at a reverse bias of 0.5V was normalized with
perimeter of the cross-section of the device, referred to as
J1 (A/em). The layout of devices on the mask set was
such that devices of 40 different perimeters were tested.
Measurements were taken immediately after performing the
particular treatment (day 1) and then on day 4 and day 8.
Box charts have been used for comparisons of different treat-
ments that represent the median of the data (the midline in
the box) and the top and bottom edges of the box, or the
interquartile range (IQR) represents the middle 50% of the
data. The lines extending from the box represent the maxi-
mum and minimum of the dataset. It is widely accepted that
the IQR is a better tool to analyze the distribution of the data
than the maximum—minimum range.

Surface traps and dangling bonds can occupy a discrete
level or a band of trap states in the energy gap. If it traps a
high number of carriers, then the Fermi level at the surface

30 nm Ing 53Gag 47AS n
100 nm  Iny5;Gag 47AS i

30 nm Ing 5:Gag 47AS p**
Substrate InP S..

(b)

Fic. 1. (a) Layer structure of the samples and (b) top-down scanning electron
micrograph of a typical high-perimeter serpentine pattern. The pattern is the
metal on top of the mesa, with the cross-sectional area defined as n*(x;y; +
X2y2) and the perimeter defined as n*(2(x; + y; +x2 + y2)), where n is the
number of repetitions of the L-shaped pattern.
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FiG. 2. (Color online) Scatter plot of J; (A/cm) vs ratio of area to perimeter
(cm) of the cross-section of the device comparing leakage current post BCB
passivation (D3, blue), sulfide passivation (D2, green), and sidewall oxida-
tion (D4, red) from the control sample (D1, black).

becomes insensitive to gate modulation as there would
always be an inversion layer present at the interface.
Without the application of gate bias,'" there would be a pos-
sibility of charge carriers tunneling across the barrier at the
p /i interface, causing a substantial increase in the off-state
current. This has also been observed in experimental demon-
stration of IV MOSFETs.">""" In this study, Fig. 2 sug-
gests that there may be a correlation of formation of In,O,
and Ga,O, at the surface and increase in /oy in the samples,
particularly, D1 and D4. However, an XPS would be
required to corroborate the claim.

A. Ammonium sulfide passivation

Figure 2 shows a scatter plot of surface leakage current,
J1 (A/cm) that compares [, in the sulfide sample (D2) to the
control sample (D1). In the graph, J; has been plotted
against the ratio of area to perimeter of the cross-section of
the device to compare surface leakage in the two samples.
A statistical comparison is shown in Table I. J; in the con-
trol sample spanned from 3 x 107 to 2 x 107> A/cm with-
out a definite trend. In D2, the scatter points remained
random but scaled down two to three orders of magnitude
~1x10"% to 4x107° A/fem with the median at 2.37
%1077 Afem (Fig. 3).

TaBLE I. Surface treatment and its impact on median perimeter normalized
current, J; (A/cm).

No. of samples Jiday 1 Ji day 4
Sample Treatment tested (A/cm) (A/cm)
DI Control sample 97 35x10°°  13x10°*
D2 Sulfide passivation 84 237x1077 35x1077
D3 BCB passivation 74 52x107%  35x107®
D4 Sidewall exposed 107 1.15 %1072 —

to O, plasma
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FiG. 3. (Color online) Comparison of J; (A/cm) in control sample, D1, with
a sample treated with ammonium sulfide passivation, D2. Current drops
roughly 2.5 orders of magnitude in D2.

B. BCB passivation

In the box plot of the BCB passivation in Fig. 4, the effec-
tiveness of the passivation is shown by the dark current drop-
ping 4 orders of magnitude—from 1.3 X 107* A/em in the
control sample to 3.5 x 10~® A/cm in the sample passivated
with BCB, D4. Qualitatively, it was observed that as the area
begins to dominate the perimeter, the effectiveness of the
clean was not that evident in D4 and I, was much closer to
D1, suggesting bulk current domination, which would be
similar in both devices. This suggests that BCB is successful
is passivating the dangling bonds at the Ings3Gag47As sur-
face and is successful in mesa encapsulation and preventing
O, from oxidizing the surface.

From day 1 to day 4, J, in D1 increased from 3.5 x 10~°
to 1.3x107* A/cm, indicating sidewall surface oxidation
resulting in the formation of conductive In,O, and Ga,O,.
The current spread was confined from 4 orders of magnitude
on day 1 to one order spread on day 4. It was observed that
the lower IQR has shifted by more than three orders from
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FiG. 4. (Color online) Comparison of J; (A/cm) in the control sample, D1,
with the sample treated with BCB, D3. Current drops 3.5 orders of magni-
tude in D3.
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day 1 to day 4. All the devices in D1 performed worse on
day 4 than on day 1.

When compared with the BCB and the sulfide samples, in
Fig. 5, it was observed that in D3, the variation in data
increased from day 1 to day 4 but /, dropped marginally.
This is because on and around devices with a large cross-
sectional area, BCB etches faster than on smaller devices,
leading to a possible overetch that exposes the mesa to the
atmosphere that results in a higher leakage. In contrast, devi-
ces with a small area on which the BCB has not been over-
etched demonstrate a similar leakage as on day 1, asserting
that it provides complete mesa encapsulation from the envi-
ronment. In contrast, the spread of [, in the sulfide sample
increased from one order of magnitude (on day 1) to four
orders on day 4 and day 8. This could be attributed to the
fact that sulfur passivation deteriorates over time. The sulfur
atoms that tie up the dangling bonds at the mesa sidewall ei-
ther diffuse out into the atmosphere creating dangling bonds
or are replaced by oxygen atoms that react with the In and
Ga atoms to form conductive oxides. Devices that have
larger perimeters have a higher probability of sulfur escaping
into the atmosphere. The serpentine patterns (Fig. 1b) in the
mask were of a very high perimeter to area ratio, which
could be responsible for an increase in the spread. However,
as the area to perimeter ratio increased (moving toward a
square mesa), current levels on day 4 were similar to those
on day 1—hence, the median remained constant. The BCB
consistently shows lower [, than sulfide over the complete
range of varying area and perimeter devices, both on day 1
and day 4. Day 8 data say a similar story as the measure-
ments were similar to day 4 results and have been omitted
from the figures.

C. BCB overetch

The surface oxidation process due to exposure to ambient
environment was accelerated by exposing the mesa sidewall
to an O, plasma. This was done to see the extent of increase
in J; caused by surface damage and oxidation. In D4, J; was
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Fic. 5. (Color online) Comparison of two passivation treatments—sulfide
(blue) and BCB (red) on day 1 and day 4 to see change in leakage current in
D2 and D3 p-i-n devices.
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FiG. 6. (Color online) Effect of O, plasma on mesa sidewall in a BCB etch-
back (red) process. Surface leakage increased by 2 orders of magnitude in D4.

observed to be two orders of magnitude higher than D1 con-
sistently across devices of high perimeter to area ratios, evi-
dent from Fig. 2. The surface oxidation is responsible for the
degradation in J;. The exposure of the sidewall to the O,
plasma rapidly oxidized the semiconductor to form conduc-
tive In, O, and Ga,O,. Devices that had a large area and rela-
tively small perimeters (high area to perimeter ratios)
showed little or no difference in leakage between the two
samples reinforcing the fact that surface oxidation is respon-
sible for increasing leakage current (Fig. 6).

IV. CONCLUSION

Different treatment combinations to reduce I in a homo-
junction Ing 53Gag47As p-i-n diode have been studied. At a
reverse bias of V=0.5V and room temperature, the off-state
current of the control, sulfide and BCB sample are 1.3 x 1074,
3.5%1077, and 3.5 x 10~® A/cm, respectively. In addition, a
p-i-n structure exposed to an O, plasma showed an increase in
leakage by almost two orders of magnitude to 0.01 A/cm.
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BCB passivation showed consistent improvement over sulfide
treatment in reducing /, across devices of varying dimensions.
Whereas sulfide treatment showed degradation over time, the
BCB passivation successfully isolated the mesa side-wall
from deterioration by the ambient.
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