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Abstract—The advancement of deep reactive-ion etching (DRIE)
technology has enabled many 3-D structures, and are widely em-
ployed in microelectromechanical systems (MEMS). From an elec-
trical point of view, however, those structures have been used as
passive components such as capacitors and resistors. To further
evolve the utility of future MEMS devices, the authors propose to
integrate ‘“‘active electrical devices” into 3-D MEMS. As an exam-
ple, vertical trench photodiodes were fabricated on an n-type bulk
silicon wafer using DRIE and thermal diffusion of boron. A pho-
tocurrent increase from 25% to 70%, and 20% smaller crosstalk
was seen in 40-mm deep-trench diodes, as compared to a planar
diode made on the same wafer.

Index Terms—Deep reactive-ion etching (DRIE), photo detector,
thermal diffusion, trench diode.

1. INTRODUCTION

EEP reactive-ion etching (DRIE) technology appeared in
D the mid-1990s and, at present, plays an essential role
in the fabrication of modern microelectromechanical systems
(MEMS) fabrication. Typical usages of deep vertical structures
are found in an optical fiber cross-connector application de-
veloped by Marxer et al. [1]: comb drive electrostatic actua-
tors, springs, and optical components. From an electrical point
of view, they can be classified either as passive components
(i.e., capacitors) or nonelectrical components (i.e., mechani-
cal). Robertson made a resistive matrix heater on the wall of
DRIE through holes [2], which is also a passive device. Many
3-D active electrical devices have already been proposed in this
area [3], but to the authors’ knowledge, no application of verti-
cal active devices to the optical MEMS application has yet been
reported. Therefore, it would be fair to say that the conventional
use of MEMS silicon vertical wall is either as mechanical or as
electrically passive components.

To further evolve the utility of future MEMS devices, the
authors propose to integrate “active electrical devices” into 3-D
MEMS (Fig. 1). Photodiode is one of the examples of active
device [4]. Using a vertical photodiode, many novel photonic
systems will become possible. A vertical photo detector for
optical fiber interface is one of the examples (Fig. 2).

In this paper, the authors report fabrication and measurement
of deep-trench vertical photodiode. Vertical trench photodiodes
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Fig. 1. Proposed new paradigm of deep-etched MEMS is to integrate active
devices onto DRIE walls.
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Fig. 3. Conventional planar (left) and trench (right) photodiode. A vertical

photodiode can have three merits.

were fabricated on an n-type bulk silicon wafer using DRIE and
thermal diffusion of boron. This novel valley-shaped photodiode
achieved higher conversion efficiency (photocurrent), compared
to the planar photodiode whose area is equal to that of deep
vertical photodiode. Crosstalk was also evaluated, and trench
diode showed lower crosstalk than planar diode.

II. ADVANTAGES OF DEEP-TRENCH PHOTODIODE

Fig. 3 shows a schematic view of a conventional planar pho-
todiode and deep-trench photodiode. As shown in the figure,
there are three merits over planar photodiode: 1) junction area
is larger in trench diode; 2) light can enter into trench; and
3) electron-hole collection depth is deep. All those advantages
contribute to photocurrent increase and crosstalk suppression.
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A. Junction Area

Photocurrent in diode refers to the flow of electron and hole
pair generated by incident light and accelerated by reverse bias
to the p-n junction. The more the junction area is exposed to
incident light, the more the current flows. Deep-trench diode
has a larger junction area for a given top-view surface area as
compared to planar diode.

B. Light Propagation Into Trench

Incident light to a planar surface of silicon reflects, and
reflected light does not contribute to the photocurrent. Con-
ventional devices put antireflection coating on the surface
to put as much light as possible into silicon. Trench diode
is one of the ideal devices because light can enter into a
trench. The incident light entering into the trench can re-
flect in between trench sidewalls, and will eventually be ab-
sorbed. For example, if reflection rate (reflected light power di-
vided by incident light) is 30% [5], planar diode can receive
only (1 —0.3) =70% of incident light; if the light reflects
three times in the trench, recoverable power of trench diode
is (1 —0.3) + 0.3 x (1—0.3) + (0.3)2 x (1 —0.3) = 97.3%.

C. Electron—Hole Collection Depth

It is known that electron-hole pair generated outside the
p-n junction can flow into the junction and can also contribute
to the photocurrent. Those pairs flow by diffusion, so that one
cannot orient the direction of the flow, and electron may reach
their adjacent and next adjacent p-n junction. For image sensor
application, the electron—hole pairs reaching adjacent (and next
adjacent) cells will cause crosstalk.

It is also known that light can enter very deep into silicon.
Light diffusion is intuitively understood by the fact that when
thinning a silicon wafer below 10 pum, the wafer gets transparent
and color turns brown, which shows that red light is diffusing
into silicon by 10 um. Consequently, electron-hole pairs are
also generated very deep in silicon.

Trench photodiode is also ideal to avoid crosstalk because
the trench as deep as light diffusion depth can physically block
the electron—hole. This is the same principle as a shallow-trench
isolation technique in modern electron devices, but trench photo-
diode has an additional feature: Crosstalk current is suppressed
by active absorption by diode, and absorbed current contributes
to the photosensor output.

III. DESIGN AND FABRICATION

Twenty-eight sets of trench diodes having 0.6-100 ym of
width, all having 100 pm of length, and 40 pum of depth
for large width are fabricated on an n-type 4-in bulk silicon
wafer (resistivity: 5-10 €2-cm). Each trench diode had a planar
diode adjacent to it for comparison. The process sequence is
really simple: 1) DRIE; 2) boron diffusion; and 3) electrode
formation.

The key issue of deep-trench photodiode is lithography near
deep trench after etching. Fig. 5 shows a typical cross-sectional
view of resist coated over trench that is deeper than resist
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Fig. 4. Fabrication of deep-trench photodiode by planar lithography. The key
is to embed all critical masks before deep trench.

thickness. There are three typical phenomena: 1) resist ero-
sion at the corner of deep trench; 2) resist swelling at the edge;
and 3) bubbles in trench. Those three phenomena make resist
coating and lithography as near as 10 ym from trench edge too
tricky, even though there exists some workarounds such as spray
coating and electroplated resist. For the trench photodiode, the
problem is crucial because oxide diffusion mask must be pat-
terned after DRIE as near as 1 ym from the trench edge (step 6
in Fig. 4).

To overcome the lithography problem, the authors applied
a planar lithography method on sandwiched electron beam
resists. The guiding principle is called “embedded-masking-
methods” [6]; all critical resist layers are embedded on the wafer
before DRIE, and are used subsequently. In the case of trench
diode, there are two critical layers: deep-trench Al mask and
boron diffusion SiO2 mask. All critical layers with resist are
embedded in the beginning of the process: SiO3, high-dose re-
sist, aluminum, and low-dose resist.

Fig. 4 shows the fabrication process of trench diode. An
n-type 4-in silicon wafer (thickness: 525 pm, resistivity:
5-10 ©-cm) covered with 100-nm SiO- is used. A higher dose
electron beam (EB) resist (ZEP-520A, Nippon Zeon Co.) was
spun on, followed by 100-nm aluminum evaporation. On top of
the aluminum, another lower dose EB resist (FEPS-127C, FUJI
FILM Electronics Materials Co.) was spun on (Fig. 4 step 1).
Then, the area of the deep trench is exposed on the FEPS-127C
by production-quality rapid EB-lithography machine (ADVAN-
TEST F51124-VDO0L1.) and developed by its developer [2.38%
tetramethyl ammonium hydroxide (TMAH)]. The acceleration
voltage and dose were 50 kV and 7 C/cm?, respectively. This
low dose, together with aluminum shield layer, did not affect
higher dose EB resist underneath. Aluminum was also patterned
by long development at the TMAH step; it does not limit other
etching methods such as HsPO, or Cl, + BCl3 RIE.
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Fig. 5. Three issues that make resist coating after trench etching difficult.
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Fig. 6. Fabricated trench and planar diodes. They have a common cathode.

The wafer was deeply etched with a standard Bosch’s process
using inductively coupled plasma reactive-ion etching (ICP-
RIE) apparatus. In the ICP-RIE step, the aluminum layer served
as a hard mask (Fig. 4 steps 3 and 4). Embedded ZEP-520A
and SiO, at the trench were etched by ion bombardment of
Bosch’s process (self-alignment process). The reason of not
having changed the etching recipe was for process simplicity,
again not limiting other specialized process such as Os ashing
for resist and CHF3 RIE for SiO,.

After DRIE, aluminum was removed by TMAH, and ZEP-
520A was exposed by the EB writer (50 kV, 100 ;C/cm?) and
developed by organic solvent-based developer (ZED-N50) to
define the area to be doped. SiO, was etched using buffered
hydrofluoric acid (BHF16). During the DRIE process, ZEP-
520A resist was exposed at the edge of deep trench. This resist
recession at the edge of the trench was 0.2—0.3 pm for 20 min of
ICP-RIE. It did not affect doping area lithography, since doping
area pattern implied whole trench.

Then, the whole wafer was cleaned by O plasma, followed by
H>05 + H2SO4 (SPM) and H,O5 + NH,OH (APM) to remove
teflon from the trench. Oy ashing, twice as long as Bosch’s
process, sufficiently removed teflon from the trench.

Thermal diffusion is done with boron nitride planar diffusion
source (BN-975, Saint-Gobain). Thermal diffusion is used to
form the p-n junction on the vertical wall, because it is much
more advantageous over other methods such as ion implantation
that is severely limited by self-shadowing of deep trench [7]. Af-
ter thermal diffusion, SiO4 film was removed by 50% hydroflu-
oric acid (HF). A very thin SiO, was made by low-temperature
(1025 K) thermal oxidation. This SiO4 layer was subsequently
removed by HF, to remove the highly doped Si-B layer from the
surface.

Aluminum electrode was deposited and patterned by pho-
tolithography using PFR-7790G (JSR Co.) (Figs. 4-8). Alu-
minum pattern was sufficiently large and far from deep trench,
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Fig. 9. Adjacent diodes have good matching.

so that conventional photolithography was possible. Trench re-
filling is suggested, if finer lithography is needed for back-end
process.

It should be noted that the authors have used EB resist and
EB writer for two reasons: 1) EB resist is insensitive to room
light and 2) light by evaporation and EB exposure time was
sufficiently short for prototyping. Nominal exposure time for
an entire 4-in wafer is less than 45 min. Of course, resist is not
limited to EB resist. Suggested alternative combination is deep-
UV resist, such as polymethylglutarimide (PMGI) for lower
layer and normal photoresist for upper layer.
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IV. PHOTOCURRENT INCREASE MEASUREMENT

Fig. 6 shows one of the prototype devices. The trench width,
length, and depth are 20, 100, and 40 pm, respectively. Tested
28 pairs of deep-trench and planar diodes are 100-pm long
and from 0.6 to 100 ym wide. The distance between trench and
planar diode is 260 pm. Characteristics Current—Voltage (I — V')
are measured by semiconductor parameter analyzer (HP4156B,
Agilent Technologies).

A. Trench Width and Photocurrent Increase

Fig. 7 shows relative photocurrent as compared to the pho-
tocurrent of the narrowest (0.6 um) trench diode. Incident light
was from a tungsten lamp of the probe station (Tokyo Seim-
itsu Co.), and applied reverse bias was —0.5 V. Optical power
was measured to be 10 mW/cm? by power meter ADVAN-
TEST TQ8210 and 8-mm ¢ sensor Q82014. Optical current
increases as the width of trench and doped areas increases. Deep-
trench photodiodes showed a conversion efficiency improve-
ment from 25% to 70%. The largest current increase was found at
w = 10-pm trench (14.9-25.4 nA). It was found that the larger
the trench width was, the less important current increase be-
came, for diodes over 10 pm. The smallest current increase was
measured for w = 100-pum trench (87.5-112 nA). The current
increase saturation can be explained by the fact that contribu-
tion of trench wall becomes less important as compared to planar
area.

It should be noted that all photodiodes had an offset current
around 80 nA. Judging from relations between the trench and
the other doped areas, this current is supposed to be gener-
ated around the electrode that has a large area of p-n junction
(100 pem x 100 pem). Since the target value of the measurement is
relative increase of photocurrent at photodiode, the offset value
is subtracted in Fig. 7. Dark current was less than 1 nA, which
means that the current was less than 1 nA when the tungsten
lamp was turned off.

B. Trench Depth and Photocurrent Increase

Photocurrent dependency on trench depth is examined by the
measurement shown in Fig. 7. Trenches having width of less than
10 pum was etched shallower than 40 pm, which is the value of
larger trench diodes. This phenomenon is widely known as “RIE
lag” [8], or “aspect ratio dependent etching (ARDE)” [9], [10].
Because of that, junction area for narrower trenches decreased;
thus, a current decrease was found.

Fig. 8 shows dependency current decrease ratio and etched
trench depth on the trench width. Current decrease ratio Rpwas
measured by
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where I,.,; is a measured current value of trench diode and
I is a calculated value by least square fit from trenches of
10-100pm. Extracted linear fit function is

I = 0.9493w + 16.127[nA](R? = 0.9893). )
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Current decrease ratio Rp clearly agreed with etching depth
decrease by RIE lag. This suggests a strong dependence of
photocurrent increase on the trench depth.

C. Photocurrent Matching Between Adjacent ldentical Diodes

To verify that the photocurrent increase was due to trench
structure, not by chance of photocurrent fluctuation between
devices, photocurrent of three adjacent planar diodes having
identical shape (100 pgm x 240 pm) with spacing of 100 pm
were measured. These devices were made on the same wafer
with trench diode (1-2mm apart). As clearly shown in Fig. 9,
those photodiodes had a very small distribution from £0.237%
to £1.42%. Taking the fact that the distance between trench
diode and planar diode was 260 pm, the current increase shown
in Fig. 8 is attributable to the deep-trench device itself, not by
haphazardness of process fluctuation.

V. CROSSTALK IMPROVEMENT MEASUREMENT

As shown in Fig. 10, two adjacent diodes were inversely bi-
ased at —0.7 V by Agilent 4156B. One diode is called “guard
diode” and the other is called “crosstalk diode.” They are se-
quentially exposed by seven 675-nm 0.1-W laser beam spots
of 8 ym. The beam spot was made by focusing semiconductor
laser output by optical microscope. Current in each diode Ig
and [ c are measured simultaneously. Then, ratio of each current
(Ig and Ic¢) to total current g + Ic is calculated. Total current
was measured to be around 300 nA for planar diode and 60 nA
for trench diode.

It is assumed that when spots are in between two diodes
(spots 5, 6, and 7), photocurrent is shared by two diodes so that
crosstalk suppression is weak. When the spot is at the opposite
side of the crosstalk diode (spots 1, 2, and 3), on the contrary,
major current flows into the guard diode so that crosstalk is
suppressed.
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Fig. 11.  Crosstalk is largely suppressed by trench diode. Maximum crosstalk
suppression was 62% for planar diode and 82% for trench diode.

Fig. 11 shows the measurement result of planar and trench
diodes with 0.65-pm width and 10-pm depth. Due to the avail-
ability of the samples, 0.65 ym was chosen with which bonding
wire did not shade laser spot. It is experimentally confirmed that
crosstalk is suppressed in both devices. Maximum current ratio
was found at spot 2 for both devices: 62% for planar diode and
82% for trench diode. Trench diode showed a better crosstalk
suppression in the measurement.

At spot 4, the guard diode should ideally absorb all photocur-
rents, but which was not the case especially in planar diode.
This phenomenon can be explained by the fact that focused red
laser entered so deeply into the substrate that the light created a
lot of electron—hole pairs outside the p-n junction.

VI. CONCLUSION

A deep-trench photodiode was proposed towards active elec-
trical device integrated optical MEMS. The key fabrication steps
are very simple and consist only of DRIE and thermal diffusion
of boron. In this process, a planar lithography method was em-
ployed. By “embedding” a couple of resist layers in the begin-
ning and use them subsequently, fine lithography was ensured.

Increased current was measured for trench diodes de-
pending on the trench width. Maximum current increase of
70% was measured for (w,d) = (10,40) [pm] trench diode.
Larger crosstalk suppression by trench diode was also mea-
sured. For the sample of w = 0.65um, suppression ratio was
20% better for trench diode. Above results suggest an sensi-
tive and fine-grained image sensors made by applied MEMS
technology.
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