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Abstract:

Theory is proposed for nanohole silicon pin/nip, photodetector (PD) physics, promising
devices in the future data communications and lidar, applications. Photons and carriers have
wavelengths of 1 um and 5 nm, respectively./ We/ propese vertical nanoholes having 2D
periodicity with a feature size of 1 um will produce/photons slower than those in bulk silicon,
but carriers are unchanged. Close comparisonito experiments validates this view. First, we study
steady state nanohole PD current as a function of illumination power, and results are attributed to
the voltage drop partitions in the PD and electrodes. Nanohole PD voltage drop depends on
illumination, but series resistance voltagerdrop does not, and this explains experiments well.
Next, we study transient characteristics, for the sudden termination of light illumination.
Nanohole PDs are much fasterhan flat PDs, and this is because the former produces much less
slow diffusion minority carriers. In'fact, most photons have already been absorbed in the i-layer
in nanohole PDs, resulting in much less, diffusion minority carriers at the bottom highly doped
layer. Why diffusion in PDs is'slow and that in bipolar junction transistors is quick is discussed
in Appendix. N
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Introduction

Photodetectors (PDs) are devices to convert an optical signal to an electric signal and are key
devices in the future data communications and lidar applications [1,2]. Good PDs\must have

large external quantum efficiency (EQE) and electron-hole pairs are efficiently,generated. EQE

is defined by EQE = % , where J [A/m?] is the device current, ¢ [C] is the umit charge, P

[W/m?] is the photon power density, and Av [J] is the photon energy, and.this definition is widely
used. The numerator J/g is equivalent to the product of carrier velocity and density.

We have proposed and reported that the EQE is substantially enhanced experimentally by
creating vertical 2D periodic array of nanoholes for the standard pin or #ip:PDs [3-11]. The 2D
nanoholes have a period of ~1 um, which is designed to be comparable to the illumination
photon wavelength. The role of these nanoholes is to provide a 2D petiodic potential in the
horizontal directions and make the photon propagation velocity slower than that of control flat
devices. Since nanoholes form an array of periodic potentials,they do not cause any damping in
horizontal propagation, but instead, modify how waves/propagaterin the device. Nanoholes are
vacancies of silicon atoms in the bulk silicon background. Thus they tend to be potential barriers
for both photon and electron waves. From quantum mechanics point of view, 2D periodic
nanoholes will create 2D periodic lattice, and waves in there will form Bloch waves. The
dispersion relation of these Bloch waves is more flaftened since nanoholes add more potential
barrier. Since the photon wavelength and the nanohole potential period are both ~1 um, effects
are maximized. This is the mechanism for “slow. photons.” However, electrons have a typical
wavelength of ~5 nm in bulk silicon, which is'much shorter than the nanohole feature size, these
nanoholes do not change the propertiestof . electrons. In fact, quantum interference is important
only when the wavelength and barrier period are comparable. Therefore, in nanohole PDs, we
have slow photons and the same electrons in bulk silicon. Slow photons can stay longer in silicon
materials while carrier properties are unchanged, and this will be the basis of enhanced photon
absorption in nanohole PDs.

Similar ideas to add 2D/ structures rand enhance photon absorption are independently
proposed and experimentallywinyvestigated for various photoelectric devices, where photon

absorption plays a critical role. Berkeley studied solar cells with short-circuited pn junctions [12].

Sony studied CMOS image sensors with floating photon absorbing silicon layers [13]. Stanford
studied silicon single-photon avalanche diodes with reverse biased nip junctions [14].

To characterize _how  electron-hole pair generation is enhanced in these devices, it is
important to pay attention'to the figure of merit (FOM). Comparing devices with and without 2D
nanostructures, the FOM is about 10 percent larger in Berkeley solar cells, several tens percent in
Sony image sensors, and<several hundred percent or more in our nanohole PDs and Stanford
avalanche photodiodes. The 2D nanostructures in these devices surely enhance photon
absorption by introducing slow photons.

Solar cells are pn junctions and convert photon energy to electric energy, and are operated in
the forward bias condition. In fact, open-circuit voltage and short-circuit current often
characterize, device performance and solar cells are practically operated somewhere between
these two extremes in the forward bias condition. Then generated electron-hole pairs will be
subject to immediate recombination, resulting in the smaller FOM about 10 percent. PDs are
pin/nip junctions and are operated in the reverse bias condition. Generated electron-hole pairs are
immediately spatially separated, and recombination is minimized. This makes the PDs’ FOM
much larger than that of solar cells. Nanohole PDs and nanohole solar cells are essentially
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different in that the former is operated under reverse bias condition preventing electron-hole pair
recombination, while the latter is operated in the forward bias condition allowing electron-hole
pair recombination. In PDs, recombination is prevented, while in solar cells, recombination is
allowed. This will reduce FOM in solar cells compared to that in PDs. Thus, these devices are
essentially different and FOM numbers are not transferable between PDs and sélar cells.

Image sensors generate electron-hole pairs from photons, separate glectrons and holes
spatially, and use the designated polarity of charges to CMOS gate voltage input. For this
purpose, the built-in electric field in a pin/nip junction is used in the'floating, condition. For
example, the n-side is connected to a DC battery and floating p-side voltage, changing its value
on the order of semiconductor energy band gap with and without illumination, drives the CMOS
at the gate voltage. Because of the built-in electric field in the pin/nipgjunction in the floating
condition, generated electron-hole pairs are spatially separated and recombination is reduced.
The FOM is about several tens percent.

PDs generate electric current in response to illumination. Generated electron-hole pairs need
to be significantly accelerated to achieve a large on-off ratio in the device output current. For this
purpose, pin/nip junctions are strongly reverse biased, sonthat the i-layer electric field is
maximized. The reverse bias condition is necessary for achieving large drift current but is also
critical in spatially separating generated electron-hele pairs. This immediate separation of
generated electrons and holes following photon absorption eventually eliminates unwanted
recombination and the FOM is maximized about several hundred percent.

Avalanche photodiode also use pin/nip junctions in.the reverse bias condition. The strong
electric field in the i-layer in the reverse bias. condition is intended to induce avalanche
breakdown originally, but it also separates generated electron-hole pairs as a biproduct. Because
of the additional magnification mechanism; FOM for avalanche diodes need clarification. FOM
is defined as (nanohole performance)/(flat,performance), and this estimation is done just before
the onset of avalanche breakdown. In fact, once avalanche breakdown occurs, the device loses
memory for how many original careiers the device had before breakdown. Thus, FOM numbers
for PDs and avalanche photodiodes are identical, several hundred percent in both.

Our previous studies [3-11] have experimentally shown that the EQE is in fact substantially
enhanced with 2D periodic nanoholes in such a way that the FOM increases by several hundred
percent. This is because photons$ haye a slower horizontal velocity in 2D periodic nanoholes, can
stay longer in the silicon material, and have more chances for being absorbed in the i-layer of the
devices. Accordingly, 2D periodic nanohole devices have substantially high photon absorption
compared to flat deviees. Absorbed photons generate electron-hole pairs. If devices are short-
circuited, or they are left in the floating condition, these generated electron—hole pairs will be
subject to recombination. Thus, the final EQE is not maximized. However, if devices have a
reverse bias condition, generated electron-hole pairs are quickly separated and recombination is
substantially/suppresseéd. This explains why the FOM is several hundred percent in reverse bias
devices such ‘as' our nanohole PDs or avalanche photodiodes with 2D nanostructures. The slow
photon gffect is also called as photon trapping.

This is our present understanding, and we will examine if our experimental results are
consistentlyunderstood. For this purpose, two experimental results are tested: steady state output
as @ functien of constant input illumination, and transient output for sudden termination of input
illumination.

Nanohole Photodetector Device Structure
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One of the popular PDs are pin photodetectors, where semiconducting p-, i- and'n-layers are
connected in series and are reverse biased [3-4]. In dark, there is practically no current since the
device is reverse biased. Under illumination, electron-hole pairs are generated in allpin layers,
and they are accelerated in the i-layer, resulting in large output current. Impertant figures of
merit are (a) the ratio of the steady state device current under illumination and inndark (on=off
ratio), and (b) the device transient response from illumination to dark (turn‘off time).

Our PDs in Fig. 1(a) have a backbone structure made of top p-layer;;a'middle i-layer, and a
bottom n-layer, all made of silicon. In order to enhance photon| absorption, 2D periodic
nanoholes are placed perpendicularly to the pin structure [3-4]. The role of nanoholes is to
enhance the photon absorption in the i-layer silicon, using vertical'nanoholes periodically placed
in the 2D p- and i-layers. [llumination is applied from the top in a practical device layout so that
the photon input is vertical (red solid arrows) with respect to the pin layers Due to the presence of
nanoholes, there will be a horizontal photon flow (read broken arrows),and this is schematically
shown in Fig. 1(a). Similar efforts are made to let the light traveling to the horizontal direction
by introducing a 2 D structure at the device surface. The influence of the 2D periodic nanoholes
is to significantly enhance EQEs, while leaving photogenerated electron-hole pair physical
properties to be unchanged.

4

Steady State Characteristics with Constant Illumination

Towards the estimation of the on-off ratio, steady state output is studied as a function of
illumination strength with device voltage'fixed. Since more electron-hole pairs will be generated,
device output should increase with illumination. Device voltage provides acceleration for carriers
and thus, output is expectedsto increase with voltage. However, experiments reveal more
complication. In this article, a model is developed to explain experimentally observed data, based
on the carrier transport physics4dn the silicon material, under the influence of light illumination
and device voltage.

In this work, nanoholessare #mplicitly considered as an enhancement in electron-hole pair
generation, which is supported' by quantum efficiency measurements in Ref. 3. Electrons and
holes are assumed to be identical in the bulk silicon material. In fact, nanoholes have a feature
size of micrometers in,our PDs in Fig. 1(a) bottom. Photons also have a wavelength of
micrometers and there.should be appreciable modulations in photon properties, while electrons
and holes have a wavelength of ~5 nm and should not be changed.

The Fig. 24@).inset shows the photograph of a fabricated device. Nanoholes are placed on
the 2D devicesplanes [3-11]. Input photons are applied perpendicularly to the pin silicon place.
They travel along theianoholes and are reflected at the bottom of the nanoholes. There will be
an interference/of incoming and reflected photons. As a result, photons start moving to the
horizontal directions. These horizontal photons feel the presence of 2D periodic potential created
by nanoholes and there is a group velocity modulation, i.e., the group velocity decreases
compared tosthat in bulk silicon (consistent with the relativity). Since these photons have slower
group velogity, they can stay longer in the silicon material, resulting in higher electron-hole pair
generation,. This is the physics of PD photon absorption enhancement. The input-output
characteristics in Fig. 1 are measured for PDs with nanoholes. Of course, similar behavior is
observed for control devices simple pin devices without nanoholes. Photons inside the bulk
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silicon will have a designated dispersion (energy E vs. wavenumber k) relation determined by

. J . . 1dE .
potentials created by silicon atoms, and a designated group velocity vy, = e where s the

reduced Planck constant, £ is the energy, and & is the wavenumber. When 2Dinanoholes are
added to bilk silicon, a photon wave will see additional 2D periodic potential. This will.give a
change in the functional form for the bulk silicon dispersion, and this medification is in the
direction of slower photon group velocity.

Figure 2 (a) shows the steady state PD output current as a function of input 850 nm
illumination power with the device voltage fixed for 250 um diametér PDs. This is done in a
steady state condition and the measurements are performed after all transients have faded away.
When illumination is less than 4 mW with [Vge,| = 2 'V, etc., output current,depends linearly on
input illumination. There is very little device voltage dependence. We call it the device linear
mode. When illumination is larger than 5 mW with |Vg.,| = 2 V4 however, output current tends to
saturate with a clear dependence on device voltage. We call it the device saturation mode. The
transition from the device linear to saturation modes occur at a designated illumination, and it
depends on the device voltage, such that 4 mW with |Vg. =2 V;5.5mW with |V, =3V, etc.
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Fig. 1. (a) Studied pin photodetector with nanoholes (~1 pm wide) in constant device voltage ¥4., as a
parameter in terms of particle view, where blue circles are electrons and red circles are holes with'ted,wavy
photon input. (b) Energy band without contact electrodes (series resistance).
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Fig. 2. (a) Experimental steady state results for the PD with a 250 pm diameter output current as a function of
input 850 nm illumination power with the device voltage as a parameter. In the figure, “vel” stands for
velocity. There are two different moedes: (1) Device linear mode. When illumination is weak less than 4 mW,
the PD output current‘depends linearly on the illumination power. The current is independent of the device
voltage. This mode is related-to transport saturation mode. (2) Device saturation mode. When the
illumination power is strongy larger than 5 mW, the output current tends to saturate. The current shows a
linear dependence on the deyice voltage. This is related to transport linear mode. (b), (c), and (d) are energy
bands for lows'middle, andshigh illumination. As the illumination increases, the device current increases and

there will be larger voltage'drop across the series resistance.

The existefice of the device linear and saturation modes can be understood as follows. The
pin photodetector is contacted to conducting wires at both p- and n-layers. Because of the high
doping in p- and n-layers, the voltage drop mainly occurs in the i-layer while the voltage drops in
the metallic wire and p- and n-layers are negligible in dark. Illumination will increase minority
carriersyin’ p- and n-layers, while leaving majority carriers unchanged. In dark, the p* and n*
layers are 10'® cm™ and minority carriers are 10? cm™ because of the mass action law for bulk

silicon at 300 K. Let us assume the illumination generates 10'¢ cm e-h pairs. Under illumination,
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majority carriers are 10'® + 10'® ~ 10'%, and there is no change from the dark. The minority
carriers are 10> cm™ in dark, but are 10'® cm™ under illumination. Thus, only the ‘minority
carriers undergo significant changes. Thus, only the minority electron concentration in the p-
layer and the minority hole concentration in the n-layer are increased under illumination./Both
electron and hole concentrations in the i-layer are increased.

When the illumination is low, most device voltage drop occurs in the i-layer.as shown in
Fig. 2(b). As a result, a strong E-field appears in the i-layer, and electrons and holes will run with
the device saturation velocity as shown in Fig. 2(b). The number of generated electron-hole pairs
is linearly dependent on the illumination power as experimentally established for our
photodetectors [3-4], and this linearity is widely seen in different semiconductor devices from
photodetectors [15]. The device linear mode continues up to the/mid illumination in Fig. 2(c).
Because of the increased illumination, the voltage drop in the i-layer'is smaller than that in Fig.
2(d) and the voltage drops in the wires can be visible since the wire resistances are independent
of the illumination while the pin photodetector resistance is.certainly smaller. After illumination
is further increased, there are many electron-hole pairs and the i-layer resistance will decrease
significantly, and it is comparable to the device series gesistance. The i-layer voltage is only a
fraction of the entire device voltage. The i-layer E-field decreases with increasing illumination,
and electrons and holes run in the transport linear mode, i:e., sub saturation velocity. In addition
to that, the i-layer mobility decreases with in¢reasingthe electron-hole pair concentration
causing more scattering events. This effective decrease in the i-layer E-field and decrease in the
carrier mobility in the i-layer are the mechanisms for.the device saturation mode. Thus, the
device current behavior in Fig. 1(b) is caused by two effects, that is as illumination is increased,
(1) the E-field in the i-layer decreases (less acceleration), and (2) the mobility in the i-layer
decreases due to more electron-holeairsi(worse transport). This physical understanding will be
backed up with mathematics based on thedifferential form [16] in the following.

According to the experiment in Fig. 2(a), the output current is independent of the device
voltage in the device linear mode, while the current is dependent on the device voltage in the
device saturation mode. The change innthe device linear current Al};, and the device saturation
current Al are expressed by the change in illumination power AP and the device voltage AV.
These relations are empirically expressed with empirical equations by,

al,, = apy Py — 330 ™A\ Apuiy +0av (1) | (1)
oP oV mw
Al = LR Sz _ 30 m—AjAP(mW)+l.33(m—AjAV(V) . )
“ "GP oV mW v

In the device linear mode, A/, changes linearly with AP, but has no dependence on AV in the
device lincarnmode. According to Fig. 1(b), the device linear current changes by a differential of
ol /0P=3.3 mA/mW. However, there is practically no device voltage dependence. In the

lin

device saturation node, however, Al changes by 0/ ,/0P= 0.30 mA/mW << oI, /O0P= 3.3
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mA/mW, and A/, increases with device voltage by 0/, /0V = 1.33 mA/V. It is the purpese of

this manuscript to explain how we can understand these empirical relations in Fig. 1(b).

Once the energy bands are identified for given illumination power P and i-layer voltage V,,
which is basically equivalent to the device voltage in dark but only a partial fraction of it with a
large illumination, it is straightforward to obtain the output device current. All elements p-, i-,
and n-layers are connected in series, and we study the steady state current. All current is
conduction current [17-19] related to physical movement of charged particles, and there should
be no displacement current [17-20] related to time dependence of the electric field. In developing
an equivalent circuit for our PDs, it must be created by resistors only, and there should be no
capacitors, as long as steady state properties are concerned, which ishe entire purpose of this
manuscript. The current is given by the product of carrier density and drift velocity consistent
with the i-layer electric field F. Carrier transport information is includedsas drift velocity in the i-
layer. The carrier density is uniquely determined by illumifiation P only, and is independent of
the i-layer.

In order to understand the experimental results in Egs. (1) and (2), it is necessary to express
the output device current in terms of device voltage ¥, in stead of internal i-layer voltage V.
Experimentally, it is not easy to measure the i-layer voltage V; and it is necessary to create an
appropriate equivalent circuit model since it is not certain how much voltage drops occur in the
wires under the given illumination. Figure 3(a) shows one of possible equivalent circuit
exclusively for the steady state analysis. Usually, eapacitors or sometimes inductors are
incorporated to estimate the device turn-off time, which is transient analysis. As emphasized si
far, we restrict ourselves to understand steady state properties in experiments in Fig. 1. Therefore,
capacitor- or inductor-elements will ‘not contribute to the final results and they are eliminated
from the beginning. It must be emphasizedithat the equivalent circuit in Fig. 3(a) is intended for
the steady state analysis only.

When a pin PD is connected to the ground and the constant current source at V,,, there are
some resistors contributing to yoltage drops. The p-, i-, and n-layers have finite resistors, and
their resistance values depend on.illumination since they will decrease when more electron-hole
pairs are created. There arg some tesistors not linked to illumination. They are device contact
resistances between the PD device'and wires for the measurement circuit, etc. All of them are
collectively identified as series resistance. Figure 3(a) schematically shows resistances at low
illumination and high‘illumination. In low illumination, there are little electron-hole pairs in the
i-layer, and the resiStance innthe i-layer is the most dominant. This means V; ~ V, when the
illumination is low. In high illumination, however, appreciable electron-hole pairs are created in
the i-layer. Minority,electrons are created in the p-layer, and minority holes are created in the n-
layer. With the same illumination, both electrons and holes will increase in the i-layer, while
only the minority carriers will increase in the p- and n-layers. Thus, resistance decrease due to
illuminatieny in_the é-layer is much more significant than those in p- and n-layers. In high
illumination, theiresistances in the p-layer, i-layer, n-layer, and series resistance will be on the
same order. Thus, it is expected that V; = 1/4 - 1/3 V,,, or only 1/4 to 1/3 of device voltage Vg,
candappear asii-layer voltage V,. This is one physical effect due to high illumination.

Another physical effect due to high illumination is degradation in transport. Figure 3(b) plots
the low field electron- and hole- mobility values as a function of carrier density in silicon, where
the data is taken from Ref. [1]. It is clearly shown that both electron- and hole- mobility values
by a'factor of 1/3 as the carrier density increases from 10! cm™ to 10'° cm. This is due to
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Page 9 of 24

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-128911.R1

increasing carrier-carrier scattering randomizing carrier momentum in transport [1,20,21].0At the
high field, velocity saturation occurs at ~10 kV/cm around 10'® cm, but because of the low field
mobility reduction, higher electric field is necessary before velocity saturation occurs. In Fig.
3(c), electron- and hole- drift velocity values are plotted as a functionof electric._field. By
increasing the carrier density from 10'¢ cm= to 10'® cm-3, drift velocity drops by.a factor of ~1/3.
Actually these numbers are consistent with our experimental device sizes [3-11]. The typical i-
layer length is 1 um and the typical device voltage is a few volts. This corrésponds to'a few tens
of kV/cm and is a typical electric field for the onset of transport saturation in silicen [1].
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Fig. 3 (a) Equivalent circuit exclusively for steady:state analysis (removing any capacitances or even
inductances needed for transient studies). (b) Electron and hole mobility as a function of carrier density. (c)
Electron and hole drift velocity @asya function of electric (E) field as carrier density as a parameter. The
broken lines indicate an average which can be used in device modeling.

At the very beginning, it'is werth.doing order estimation for the experimental data in Fig. 1.
Comparing the device linear mode and saturation mode, the response to illumination is an order
of magnitude differenty,, which are 3.3 mA/mW vs 0.3 mA/mW. The factor 0.3/33 ~ 1/11
represents current change due to low vs high illumination. The first factor comes from V;/V,,
which was estimatedito benl/4 to 1/3 in Fig. 3(a). The second factor comes from transport
degradation of 1/3(in high illumination in Figs. 3(b) and 3(c).

Next, we will develop mathematics for this physical understanding. Figure 4 compares
energy bandssin low, mid, and high illumination fixing device voltage V. Although V,,, is
fixed, V; keeps décreasing as illumination is increased. Due to the decrease in V;, drift velocity
changes from the transport saturation mode in Fig. 4(a) through transition in Fig. 4(b), and end
up with/the transport linear mode in Fig. 4(c). In Fig. 4(a), illumination is weak and the i-layer
electric field F is so strong that transport saturation mode results. Since both carriers run with the
saturation velocity, there is no V.. dependence in output current. This is the device linear mode
with transport saturation. In Fig. 4(c), illumination is strong and V; is weak. This is the device
saturation mode with transport linear.
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Fig. 4. Energy bands and potentials inside the i-layer (excluding metallic wires), with device voltage as a
parameter. Illumination is increased from (a) low, (b) mid, to (c) high. In the figure, “vel” stands for velocity.
The device linear mode is linked to transport saturation in smalLillumination.in (a), and the device saturation
mode is linked to transport linear in large illumination in (c)/(b) is amvintermediate illumination and both
transport saturation and linear modes coexist.

4
The device linear mode in Fig. 4(a) has a saturation drift velocity of 1 x 107 cm/s for both
electrons and holes as in Fig. 3(c). By using the transport relation, the device linear current is
given using the unit charge g, the carrier number AN = An x A with carrier density n and cross-
section area 4, and the saturation drift velocity vy, by

Al (P)=gqAN(P)xv,,, =qAn(P)Axv,, = qS—;AAP XV, - 3)

Now, On/0P is a quantity inacating the density of electrons and holes in cm™ generated per
1 mW, and is experimentally determined by 1 x 10' cm™ from Fig. 1 for a PD with a round PD
with a diameter of 25)@m. Ourp-and n doping is in the neighborhood of 5 x 10'° cm™. This is
consistent with the threshold illumination power of 4.5 mW in Fig. 1.

:1.0x1019;

3
quat cmm W

4

on (mAjl/A
oP

=33/—
mW

The'device saturation mode is complicated in analysis and extensive discussion is necessary.
In the devicessaturation mode, the output current depends on illumination P and device voltage
Vaer- Illumination increases the electron-hole pairs and the carrier density N in the i-layer is
increased directly with illumination power P. The linear velocity v, depends on two elements.
They are (1) the i-layer carrier density through illumination power P since mobility depends on

10
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carrier density as shown in Figs. 3(b) and 3(c), and (ii) the i-layer electric field F' through the
illumination power P and the device voltage V.

AL, (P.V,,)=qA|IN(P)v,, (P.V,,)|=qAIN(P)u(P)F(PV,,)]

oN i on oF oOF oV

= ¢ AP X uF + AP F + gNu S AP+ gNu S i Ay 5

13p MF +gN o P gNu—5AP+q ﬂaV,. av, e (3)
on ou on oF oOF 0%

= g AL AP x iF + qAn NP F 4 qAnp S AP + qAnu St CX Ay

Aop AN op R op = T Sy o e

~

Therefore, mathematically there are exactly three terms showing the illumination power P
dependence and a term showing the device voltage V., dependenceyand it is clearly shown that
there are no double counting or no forgotten contribution.

Next we will examine how the PD output current depends on.device illumination power and
device voltage in the device linear mode and the devic¢e saturation mode. In Fig. 4, the device
voltage V., dependence has already been discussed. In the device linear mode in Fig. 4(a), the
PD output current does not depend on device voltage Vg Since the i-layer electric field ' is quite
strong even with the smallest V., of -2 V, and carriers reach the saturation drift velocity, even
though the field F certainly increases with -2, -3, -4, to -5 V. In the device saturation mode in Fig.
4(c), however, the PD output current depends:linearly’on device voltage V., since the i-layer
electric field is quite weak and the drift velocity is proportional to the i-layer electric field, which
depends on the device voltage V.. This is expressed in the fourth term in Eq. (5).

It would be counterintuitive that our PDsushow an entangled behavior for the device and
transport modes: the device linear mode 1s)linked to transport saturation mode, and the device
saturation mode is linked to tramsport linear mode. In order to clarify this relation, Fig. 4 is
prepared. The top figure is in principle a reproduction of Fig. 2(a), where the output device
current is shown as a function /of illumination strength. Four operating points are shown in the
order of illumination strength, h&ht blue, dark blue, red, and yellow for fixed V. =-2 V. Device
output current increases with illumination. Light blue is in the device saturation mode, and bark
blue, red, and yellow are in the device saturation mode. In order to show the entangled nature of
the device operationjithe carrier drift velocity (averaged over electrons and holes) is created for
these four operating pomts as a function of i-layer electric field. Thus, depending on the device
linear or saturationdnodes, dv,;/ dF’ behaves as follows.

v, (devliny=w,,, (62)
v, (devsat) = p(n)F". (6b)
%(dev lin)=0, (7a)
%(devsat) = u(n). (7b)

11
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Light blue is in the device saturation mode, and in the transport saturation mode. Dark blue,
red, and yellow are in the device saturation mode. In the device linear mode, dv, /dF s zero.In

the device saturation mode, dv, /dF is the mobility and is a decreasing function of i-layer

carrier density as discussed in Fig. 3(b) since carrier-carrier scattering increases” with
illumination. Accordingly, the Fig. 5 bottom figure is concluded. If there were no maobility
degradation with increased illumination, read and yellow would align with the line eonnecting
the origin and dark blue. The experimentally observed gradient in Fig. 2(a) in the device
saturation mode is strongly flat, and this mobility degradation and the‘decreased i-layer voltage
drop are two independent mechanisms.

Based on the Fig. 5 bottom figure, the change in the normalized drift velocity change
Av, /v, in the device saturation and transport linear modes (dark blue, red, and yellow) can be

expressed as a function of i-layer carrier density n and device voltage Vg by,

A__a_ﬂA_R_LA_m] ®
vdr ILIO an nO RiO + R s nO | Vdevo |
Here, the subscript 0 indicates a device operation reference. position at |V, | = 2 V and the

change in V., is measured from there. It has to be noted that V; is a fraction of V., reflecting a
ratio of i-layer resistance and series resistance. It is clearly shown that increasing the carrier
density will decrease the drift velocity, while,increasing the device voltage (in the device
saturation and transport linear mode) will increase the drift velocity.

(a) . N
| e
1 ,f
1 ,
< Y
£ |
2 15 e N
z ,  Linear
5 : transport
l
1
s I
45 Power (mW)
= (b)
=
e ?
'S ot &N, o - Saturation
o] ’G%" ,.
© ol transport
= ”I’: -
£ o lE—
o E-field (kV/cm)

Fig..5. (a) PD output current with V,, = =2 V as a function of illumination power P. In the plot, vel is
velocity and dev is device. The device linear mode is realized with P < 4.5 mW and the device saturation
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1
2
3 mode is realized with P> 4.5 mW. (b) Carrier drift velocity with V,, =—2 V as a function of i-layet eleetric
4 field F. The operating points in (a) as a function of illumination power P appear in the reverse order in(b) as
2 a function of the i-layer electric field F.
7
g By using Eq. (8), it is possible to drive how the onset of device saturation mode shiftsin Fig.
10 2(a) when the device voltage is changed. By setting the left hand of Eq. (8)t0 be zero, we have
11
12
: Wl 4y
14 ny l+a |V, 1+ a [V

~
}2 where, o = |0 %4/, Ro* R _|olnu| Ry +R :|610g,u|XRl.O+R'S, ©
17 to on| R,  |olnm|" R,  |dlogm| R
18
;g From Fig. 2(a), we have an experimental relation of An(mW )=1.3AV, (V) for a relatively wide
;; range of device voltage, V., =-2 to -5 V. Thus, L m =13@mW /V). Since ny =4 mW and
23 l+a |Vdev0|
24 Vaewdl = 2 V, o = 0.54. This experimental o value is in. the reasonable range determined by
25 carrier transport for your photodetectors. In fact, according to Fig. 3(b), mobility log p changes
26 by ~0.5 and log n changes by ~1, and the¢ tesistance tatio is also close to 1 due to the device
;é design. Thus, a defined in Eq. (9) takes a value =0.5 for our photodetectors, and it is consistent
29 with our experimental value.
30
31
32 Transient Characteristics with Sudden Termination of Illumination
33
g;’ Next, transient measurements are performed for nanohole devices and flat devices with the
36 device voltage as a parameter. Figure 6(a) and 6(b) show characteristics of nanohole devices and
37 flat devices both with 30 um diameters, respectively, as a device voltage as a parameter. The
38 continuous 850 nm illumination at 0.5 s is suddenly turned off and the device output (converted
39 to voltage) is shown as.a function of time for various applied device voltages. It is immediately
40 noticed that nanohole devices in Fig. 6(a) turn off with much smaller tails than flat devices in Fig.
2; 6(b). When the devieewoltage is high, there may be an influence of avalanche breakdown, but in
43 this manuscript, we assume they it is simply absent. Systematic investigations between avalanche
44 breakdown and long time tales are left for our future study.
45 This behavior can be“consistently understood by (1) nanohole devices have a significantly
46 enhanced quantum efficiency and (2) they have much less photogenerated minority carriers
47 (electrons).in the bottom p-layer, which must obey the slow diffusion process and move from the
48 p-layer, through the i-layer, and to the n-layer.
gg Let us compare nanohole and flat nip devices in Fig. 6(c). In the theory developed below,
51 there'is no difféerence between pin and nip, and the device schematic figure is prepared for nip.
52 The top n-layer L, is very thin (L, << 1pum), the middle i-layer L; is thick (L; ~ 1 pm), and the
53 bottom p-layer L, is thin (Lp < 1 um). The coordinates are defined so that the right end is x = 0,
>4 and the left end is x = —L, — L; — L, = —Ltot ~ — L: . The nanoholes have a depth Lj,, about a
gg half'of Z; as shown in left figures. The top right shows the photon density as a function of x for
57
58
59 13
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the nanohole (solid) and flat (broken) devices. In the flat device, the absorption occurs slowly,
uniformly throughout the device and the exponential decay constant o, is small. Thus, the
photon density probability function Py(x) in the flat device is simple exponential. with a broken
line. In the nanohole device, the exponential decay o, is fast in the sanohole region and
@nn > @o, Thus, the photon density P.x(x) in the nanohole device has to gradients. Absorption is
obtained by multiplying the absorption probability fo and B in flat and nanohole, tespectively.
Between a and B, there is a relation based on the photon velocity ¢ such that B = ca.

Now a normalized flat-device illumination power density is Py(¥) and that,for nanohole
device is Pu(x). They are cumulative distribution function. Normalized flat-device absorption
probability is A(x) and that for nanohole device is Aw(x), with o and. B« are absorption
probabilities (between 0 and 1) for flat and nanohole devices, respectively. They satisfy o~ 0
and PBan ~ 1.

Po(x) = exp(—aolx]), Ao(x) = BoPo(x) . (10a)
Ppp(x) = exp(—apylx|), App (x) = BanPun (), Ly, <HE<O0 . (10b)
Pun(x) = exp(—aqglx + Lyp|) exp(—apsLng), App (x) =BoPrn(x), x < —Lyy - (10¢)

In flat and nanohole devices, an integral relation holds, v

0

P(x)=1- [ Alx)dx .
~Ltot (11)

Since A(x) is a functional of P(x) , Eq.(13) defines an integral equation and it can be solved
numerically via recursion method. The long time tail is related to slow diffusion electrons in the
bottom p-layer. Thus, the amount of,absorption at the bottom p-layer in flat and nanohole
devices are

N

—Ligttlp

| dxaotsan (L, # oo (~LOL, = Boexp(—aoLoly,
—Ltot (12a)
—Ligttlp

f AxApp (x)~Ann (_Li)Lp = BoPun (—Li)Lp
—Liot

= Poexp(—ayl|L; — thDexp(_arerm)L;) . (12b)

Thus, the low nanohole-device carrier density at the bottom p-layer with respect to the high
flat devicecarrier density is

14
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Anh(_LE)Lp

A —L)L, exp [—(an, — @g)Lyn]

The final mathematical is simply a nanohole region depth times the absorptio
difference between nanohle and flat devices. The ratio is the long time tai
nanohole devices with respect to that of flat devices, and this is smaller a
photon absorption in nanohole and flat devices are larger, as expected.
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24
25 Fig. 6. Time response of device output for sudden termination of 850 nm illumination at 0.5 s for 30 pm
26 diameter PDs: (a) nanohole devices and (b) flat.devices. (c) Left top and bottom are nanohole (nh) and flat
57 devices. They are created using nip structures, where the extremely thin top n-layer is x = 0 to —L,,, the next i-
28 layer is x = —L, to —L;, and the bottom p-layer is x=—L;to —L; — L,. The nanoholes are x = 0 to —L,,. Right top

is logarithm of normalized incoming photon density (cumulative distribution density) P(x) and right bottom

29 is absorption probability (probability distribution density) A(x) as a function of device depth x from the
30 surface. In the flat device, the incoming photon density decreases slowly (broken line) in the flat device, and
31 it decreases quickly up to —L,; in the nanohole device and then slowly (thick solid line). The absorbed
32 photons decrease slowly (broken)uin the flat device, and it decreases quickly within the nanohole region
33 followed by the slow absorption region. At x = —L,;, the photon absorption drops significantly in the
34 nanohole device.
35
36
37 . . . £ . . .. . .
38 Transient studies in Fig. 6 show superior transient characteristics in nanohole devices.
39 Nanohole devices have significantly enhanced photon absorption characteristics over controlled
40 flat devices. This is a benefit of manohole devices, and the same advantage eliminates unwanted
41 long time tales in transient:behavior. Long time tails in nanohole and flat devices are, in the end,
42 proportional to the following. Let us numerically estimate using our experimental data in Fig.
ji 4(a) of Ref. 3. For the photon wavelength of 850 nm with the i-layer of L = 1.3 pum, we have oL
45 =0.07 and anL=10.60:
46
47 Nanohole PD long time tail amplitude: exp{—«, (i)L} =exp(—0.60) = 0.54. (14a)
48
49 Y . . .
50 Flat'PD long/time tail amplitude: exp{—a, (i)L}=exp(-0.07)=0.93. (14b)
51
52 Nanohole devices typically have a factor of ~0.54/0.93 = 0.58 smaller long time tail
33 amplitude compared to flat devices. This is consistent with the experimental results in Figs. 6(a)
>4 and 6(b). In fact, transient characteristics are studied experimentally in Figs. 6(a) and 6(b) for
55 ; . . . . .
56 various'device voltages. The larger the device voltage is, the larger the output is, and consistently,
57
58
59 16
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nanohole devices show smaller long time tales than flat devices over all device voltages, and the
ratios do not have strong device voltage dependence. It is fair to conclude that the‘enhanced i-
layer photon absorption in nanohole devices is responsible for the much better transient behavior
and this is backed up with our experimental data in Fig. 6. In more detail, the experimental data
could include an onset of avalanche breakdown, which is assumed not relevant'in the theory here.
In the future, we will study how the avalanche breakdown influence long time tails.

In this transient treatment, the skin effect [1,22,23] is not considered at all. When a high
frequency signal transmits through a conductor, the signal tends to staysat the vacuum-material
boundary, and its characteristic localization length is known as skin depth. The shorter the skin
depth is, the more the signal localized at the vacuum-material beundary. The skin depth is
inversely proportional to the square root of frequency and electron-hole pair density. When a
device is suddenly turned off due to the abrupt termination of inputilight illumination, the device
output will turn off. According to our experimental data, the turn off.time is estimated to be
about 30 ps, corresponding to a frequency of ~30 GHz. If the light illumination is weak so that
the generated electron-hole pair is less than 10'® cm?3, the skimdepth is over 1 um and is safely
ignored. If we are interested in a very high illumination o that.the generated electron-hole pair is
over 10?° ¢m3, then the skin depth is about 0.1 pméand the effect must be considered in the
transient analysis.

v

Summary and Discussions

The physics of pin or nip nanohole photodetectors in steady state and transient conditions is
studied by comparing experimental® datatand. theoretical behavior. This is in the direction of
recent progress in nanoscale three-dimensional materials and devices [24-32]. In theory, series
resistance, carrier transport withilinear and saturation drift velocities, and slow diffusion minority
carrier photogeneration in the p- or n-layers are considered. Experimental results are consistently
explained by our model.

We have first studied pin photodiodes under steady state illumination with a device voltage
as a parameter. It is shown that the device linear and saturation modes as a function of
illumination strength are in fact related to transport saturation and linear modes, respectively.
This entanglement in. modesyi.e., the device linear mode is linked to transport saturation mode
and the device saturation. mode is linked to transport linear mode, is the key to understand our
experimentally observed device behaviors. Experimental characteristics of our photodetectors are
well explained with a model based on the carrier transport. The role of series resistance is
increasingly important as input illumination increases.

Next, nip manohole and flat devices are compared when illumination is suddenly turned off.
Experimentally the fotmer shows negligible long time tails, while the latter does. This difference
is attributed, to the minority carrier photogeneration difference in the bottom p-layer. Nanohle
devices/ show significantly enhanced photon absorption, and this improves steady state
characteristics naturally. The same effect can eliminate un-preferred long time tales in nanohole
devices.

Although nanohole devices have enhanced photon absorption, electron and hole physical
transport properties in nanohole devices are kept identical to those in flat devices. The insights
can be used in nanohole PD design principle.

17
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We have shown that nanoholes can enhance PD device properties significantly. In thisaarticle,
dark current is not studied systematically. Regarding this issue, dark curmrent due 'to
recombination near nanoholes is related to surface recombination and is closely related to how
the surface states are controlled in the device [33,34]. When appropriate surface treatments are
done and passivation is achieved, it is possible to minimize surface recombination. Dark current
is thermodynamically limited, i.e., given the band gap and lattice temperature,” how may electron-
hole pairs are created is the same as flat devices and is independent of naneholes. This means
that nanohole PDs can enjoy maximized EQE and still minimize dark cufrént, which is rather an
engineering challenge.

Data Availability Statement: The data that support the findings of thisstudy are available upon
reasonable request from the authors.

Acknowledgment: Financial support by W& W Sens Devices Inc. is gratefully acknowledged.
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1

2

2 Appendix I: Why diffusion in bipolar transistors (BJTs) is fast while that in pin/nip PDs is
5 not.

6

7 As discussed above, the slow diffusion process in the p- or n-layers in the pin PDs will result
8 in the long time tail in the sudden turning off of the illumination. However, BJTs are known to
9 be one of the fastest devices although its Forward Active mode used the diffusion process imrthe
10 base region. It is instructive to compare pin/nip PDs and BJTs and undetstand why diffusion
1; causes long time tail in the former while it does not in the latter.

13

14 ® ® n-illum rev biased pin
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32 Fig. Al. Energy bands for nip PD{and npn BJT are compared. The PD bottom p-layer and the BJT base, both

33 with x = 0 to L, are considered equivalent, since diffusion is the dominant transport mechanism. (a) Energy

34 band of nip PD illuminated from the right'n-layer direction. Because of illumination, Fermi level generally

35 splitting occurs, and only quasi-Fermi levels formajority carriers, £z, in the p-layer and Ep, in the n-layer are

36 shown. Reverse bias voltage Egz— Ep, = Ve is applied at the n-layer with respect to the grounded p-layer.

37 (b) Energy band of npn bipolar junetion transistor (BJT) in the forward active mode, where again only quasi-

38 Fermi levels for majority catriers/are shown. The electron density is shown as a function of location x. To be

39 consistent with BJT literature, ground is placed at the left end in Appendix.

40

2; First, the energy-band of nip PD illuminated from the right n-layer direction is shown in Fig.
43 Al(a). Because of illumination, Fermi level generally splitting occurs, and only quasi-Fermi
44 levels for majority carriers, E, in the p-layer and Ep, in the n-layer are shown. Reverse bias
45 voltage is applied at then=layer with respect to the grounded p-layer. We have

46

47 _IEFp N EFeI > Vdev< 0 ) (Al)
48

:g n(0) ~ R

51 n(Lp)sitiyy - (A2)
52

53 The minority carrier density in the bottom p-layer is expected to be flat in the ideal situation
54 of no appreciable photon absorption. The minority carrier electron density in the p-layer is
gg independent of location when the photon absorption is negligible in the p-layer. When the
57
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illumination is suddenly turned off, electrons in the p-layer must depend on the diffusion.to be
back to the dark state, but this process is quite slow due to the lack of the electron density
gradient under illumination.

Next, the energy band of npn bipolar junction transistor (BJT) in the forward active mode is
shown in Fig. 1(b). Again only quasi-Fermi levels for majority carriers are plotted.

Vee = |Epp — Epel >0 . (A3)

The difference of majority quasi-Fermi levels at the p-base and n-emitter, respectively, is Vg
> ( indicating the forward bias.
~

Vec= —Ep — Epy| <0 . (A4)

The difference of majority quasi-Fermi levels at the n-eollector and p-base, respectively, is
Vep < 0 indicating the reverse bias. (A2) and (A3) show thatithe BIT is forward active (FA)
mode. In the base, there should be a designated density gradient due to device voltages in the FA
mode. In fact, the electron density at x = 0 (the emitter-base boundary) and at x = Lp (the base-
emitter boundary) is as follows with a minority carriernelectron density at the base with zero bias
npo. - 4

l’l(O) = I’lB()[CXp(q VEB/kBT) — 1] R
n(Lp)=0 . (AS)

There is no practical electron density gradient in the nip PD as in Eq. A2 is the mechanism
for the unwanted long time tail. This is in sharp contrast to the designated electron density is
guaranteed to be created in the BJT base as in Eq. AS. This makes BJT one of the fastest devices.

The photon absorption in the bottom p-layer in the nip PDs will create a long time tail, but
the problem can be minimized in nanghole PDs. In nanohole PDs, the photon absorption is
enhanced significantly due to thé'photon trapping or slow photons [3-11], and many photons are
absorbed in the i-layer. Thus, muchdess photons can reach the bottom p-layer.

Appendix II: Experimental data related to silicon nanohole PDs in Figs. 2 and 6.
Experimental data related to Figs. 2 and 6 are tabulated in Table Al. For further interested

readers in experimental-details, our previous papers in Refs. 3 and 4 can be checked. In
supplementary sections of Ref. s, sample preparation and measurements are discussed in depth.

1 Fig. 2 Device type Silicon-vertical pin on an SOI substrate
2 & Dark current <lnAat-10V
3 Fig. 6 Series resistance Nanohole pin: 83 Q
4 Device thickness Top 0.3 um contact p*-layer / middle 2 um i-layer / bottom
0.3 um contact n*-layer
5 Nanoholes Diameter 700 nm / Period 1000 nm
diameter/period

20
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6 Fabrication Top-down fabrication / CMOS compatible
7 Fig. 2 EQE Flat pin: 9 % at 850 nm (not shown)
Steady- Nanohole pin: 55 % at 850 nm
8 state Responsivity Flat pin: 0.11 A/W at reverse bias <3V (not shown)
Nanohole pin: 0.33 A/W at reverse‘bias -3 V
9 Device diameter 250 um
10 | Fig.6 [lumination Flat pin device: 850 nm / 27 ps in Eig. 6(b)
Transient | wavelength/raise time Nanohole pin device: 850 nm/ 25 ps in Fig. 6(a)
11 Data rate (Gb/s) > 25 Gb/s
12 Device diameter 30 wm
~

Table Al: Experimental data are shown for Fig. 2 nanohole PD devices,for steady-state device current as a
function of illumination power. Although not shown, flat PD device data are’shown in comparison.
Experimental data are also shown for Fig. 6(a) nanohole and Fig. 6(b) flat PD devices for transient device
output as a function of time when illumination is suddenly turned off. In.the theory developed in this particle,
there is no difference between pin and nip.

Procedure for obtaining silicon nanohole PDs for steady-state measurements in Fig. 2(a):

Nanoholes (also called microholes as in Ref. 3) utilized:h€lp to couple the vertically incident
light to the lateral modes through the horizontal plane of the silicon layer. According to an optics
view, this property provides the orthogonal bending of the incident light and let the optical power
to distribute uniformly throughout the thin layer and eliminate high density of electron-hole pair
accumulation in one spot. The power per unit volume remains at a low level, contributing to
highly linear behavior for more than 9 dBmuinput. power and > 3 mA of DC photocurrent when
reverse biased above 3.5 Volts. More information about this procedure can be found in Ref. 35,
which is based on the optics view. Accordingto this view, photons interfere with nanoholes so
that absorption is enhanced.

In the main text above, we have developed a quantum mechanical view such that photon
waves interact with 2D periodic nanohole potential, resulting in slow photons. These slow
photons in nanohole PDs can stay imsthe silicon material for longer time, and will be absorbed
more than photons in the flat‘'device. Slow photons are also called photon trapping, and the
scientific meanings are the same as‘slow photons.

About the procedure of the measurement, the surface of the 30 um-diameter photodetector
contains nanoholessin a, funnel shape profile arranged in a square lattice (Fig. 2a, inset). The
wavelength of the light is'set to 850 nm and the power is varied from 0 to 12mW.

Procedure for obtaining silicon nanohole PDs for transient measurements in Figs. 6(a) and
6(b):

Forthe high-speed characterizations, we used a mode-locked pulsed fiber laser with a
wavelength of 850 nm, with a sub-picosecond pulse width and a repetition rate of 20 MHz. The
incident power on the photodiodes during AC measurements was kept at ~100 uW. The laser
pulse was focused onto the active region of the photodiodes using a single-mode lensed fiber tip.
The photoresponse, in the form of electrical pulses, was observed on a sampling oscilloscope
with a 20 GHz electrical sampling module.
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Digging nanoholes in a silicon crystal increases silicon surfaces. At the semiconductor
surfaces, there are surface states for electrons, whose energies are inside the bandgap. Since the
electron energies are inside the band gap, these electrons cannot propagate in the silicon crystal,
and will be localized at the surfaces. All these defects contribute to undesirable surface states
[33,34]. These surface states will be unwanted recombination centers and may reduce photon
absorption. Nanohole states must be introduced without increasing surface states, otherwise, they
can cause persistent photocurrent, contributing to noise and possible signal distortion during
high-speed operations. We have applied several methods to inhibit device degradation induced
by surface damage, including thermal oxidation and oxide removal, low don energy etch,
solution-based hydrogen passivation and the growth of a nanoscalesthin, passivating oxide film
via a rapid thermal oxidation (RTO) process [34-37]. The technique is often called passivation.

Hydrogen passivation helped to suppress leakage current in devices that were freshly etched
and allowed efficient carrier collection even with a low electrical field.«Thermal oxidation and
hydrogen passivation reduced the leakage current to the nA level, but the leakage current was on
the scale of pA after low ion energy etch. In the case of wet oxXidation, it causes a decrease in the
EQE of hole-integrated photodiodes due to additional dopant diffusion.
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