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A CMOS Buried Quad p-n Junction
Photodetector Model

S. Feruglio, MembelEEE, T. Courcier, O. Tsiakaka, Student MembBEEE, A. Karami, Student Member,
IEEE, A. Alexandre-Gauthier, O. Romain, Membi&EE, V. Aimez, P.G. Charette, P. Pittet, G.N. Lu

Abstract—A buried quad junction (BQJ) photodetector has
been designed and fabricated with a high-voltage CMIS process.
It implements four vertically-stacked p-n junctions with four
different spectral responses. This feature allowsih spectral
discriminating ability, greater than both conventional buried
double junction and buried triple junction detectors.

In this paper, we propose a SPICE-like model, basedn the
physical properties of the device structure. The pyposed model
has been integrated in EDA software. It could be &l for rapid
and reliable design of system on chip, integratinthe BQJ sensor,
and its signal processing. The analytical expressis of the four
BQJ photocurrents, as well as dark currents, have d&en
developed. The spectral characteristics of the phodetector,
computed with the proposed model, have been compatewith
those from TCAD simulations and experimental measiements.
The analytical is close to the measurement with aaverage error
on spectral responses in the range of 3-17 %, dep#ing on the
considered junction.

Index Terms—CMOS, modeling, multi-spectral sensor, opto-
electronic, photodetector.

[. INTRODUCTION
ince the mid-twentieth century and the advent

microelectronics, the photonic devices market hasnb

growing constantly, mainly driven by the developtsenf
embedded systems [1]. They are now ubiquitous, |&iyimm
our everyday life. However, there are always rezqugnts for

the detecting devices and systems to be more cdamfmac
consume less power, to have greater sensitivityjlewh

remaining manufacturable at low cost [2].

In the visible and near infrared (NIR) ranges, demp-n
junction silicon photodiodes are extensively emptbyThe
CMOS process has made it possible to increaseutmder of
vertically-stacked junctions, making the detectdructure

have a spectral discriminating ability. This hasgd the way
image sensors,

to many applications, such as color
biochemical analyses, etc. [3-28].
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Basic CMOS and BIiCMOS processes have allowed
implementation of buried double junction (BDJ) andlried
triple p-n junction (BTJ) device structures [3-22]sing an
advanced CMOS technology, we can design and irttegra
buried quad junction (BQJ) photodetector for specif
applications [23-28].

For system design, we propose in this paper an-opto
electrical model of the BQJ photodetector, with #im of
allowing design optimization at device, circuit asgistem
levels, including associated signal processingtedeics. The
proposed model was built with a physically-basegdraach,
and has been integrated in EDA software for fadtaturate
simulation study, based on analytical expressions.

The paper contains 6 sections. Following the intobidn,
the second section describes the structure of tigx) B
photodetector, its operation and discusses the nfate
applications. The physical modeling of the photoeor
components inside the detector is presented in thirel
section. Section 4 proposes an equivalent cirduih@ device
for large-signal analysis. The fifth section is fomodel
validation by comparing characteristics of the Béglector,

etermined from the model with results from TCAD
simulations and experimental measurements. SecBon
concludes this paper.

i

Fig. 1 The BQJ sensor studied.

II.  BURIED QUAD JUNCTION PHOTODETECTOR

After a detailed presentation of the structure urstiedy, its
operation and applications are presented, usingppriptary
high voltage CMOS process (HV-CMOS) at Teledyne
DALSA Semiconductor Inc. (Bromont, Canada). A pietof
the device is shown in Fig. 1.

A. Structure

The device consists of 4 vertically-stacked burigah
junction photodiodes. Its implementation is illadad in Fig.
2, with formation of its 4 junctions as follows:
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Fig. 2 Simplified cross-section of the BQJ photedédr.

= J;: shallow P-diffusion / N-base well junction.
= J: N-base well / P-well junction.

= Js: P-well / deep N-well junction.

= Ji: deep N-well / P-epi substrate junction.

The detector surface is covered with botBNgiand SiQ
passivation layers. The active photodetection arma,,
corresponds to the surface of thed#fusion layer, located
between the contact electrodes (see Fig. 2). TeebBtrate is
grounded and the 4 outputs correspond to thdiffusion, N-
base, P-well and deep N-well contacts, respectively

B. Operation
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C. Applications

With buried multiple p-n junction (BMJ) photodeterg, it
is possible to quantify at the same instant, défférspectral
components with a single detector. Moreover, insirgathe
number of vertically-stacked junctions improves tletector’s
spectral discriminating ability. It is particularbttractive for
multispectral applications, such as color detectidight
wavelength characterization and simultaneous sgectr

®3)

All buried p-n junctions (Jto J) are reverse-biased to analysis of several light sources [3, 4, 6, 7, B, 12, 14, 15-

operate in photoconductive mode. The bias conditiare:
VJl :VZ—V1> OV, VJZZVZ—V3>OV, V33:V4—V3> 0
Vand Viu=V,— V>0V, where \, V,, V3 V,and 4 are
the potentials respectively applied to thed#fusion, the N-
base well, the P-well, the deep N-well and the Psapstrate.

Thus, there are 4 output currentstd I, in Fig. 2):
IIZIJI (1‘3)
L=Iy (1-b)
13:IJ2+IJ3 (1-C)
14:IJ3+IJ4 (1_d)

where |y, with0 =1, ...,
each junction. Under illumination, each junctionrremt is
composed of a photo-generated componeng)(and a dark
component @cy):
Lio=IprotInce (2
The device operation is based on the optical akisorp
properties of silicon, where the absorption deptpehds on
the incident light wavelength and each stackedtjandas its
own distinct spectral sensitivity. Indeed, shomexvelengths
are absorbed near the silicon surface, while loges have
deeper penetrations. Consequently, the shallowtipm¢l) is

4, are the currents flowing through

17]. It has been also shown that this kind of pdetector is
well adapted to optical data communication of mibn 100
Mbits/s [18-20], where the BMJ photodetectors peérthie
natural demultiplexing of separate incident lightisces.

In biomedical and chemical applications [5, 8, 18, 21-
30], quantitative spectral analysis is often needéd
illustrated from Fig. 4, knowing the individual spel
response of the junctions,y, Sand the incident light source
profile, G@.), we can monitor the optical properties of a
medium under test, K, with:

Ippo= [ HA)G) Sy (1) dr

V=1~

Fig. 4 lllustration of the BMJ photodetector intgren biomedical and
chemical fields, such as ELISA test.

(4)

sensitive to short wavelengths, as it collects ophoto- In the case of the BQJ photodetector, 4 different
generated carriers near the silicon surface. Intrasf the components can be analyzed in the same spatiotampor
deepest junction {Jis more sensitive to red/NIR light, thanksconditions. Fig. 5 presents the contribution (inceet) of each
to its collection of photo-generated carriers ire theeper output to the total photocurrent. These curvesparéicularly
region. The two other junctions,(dnd J) are more sensitive interesting for rapid diagnostics. For example, NR
to the middle of the visible spectrum. The 4 sg#etsponses Spectroscopy [31] or in 3D image reconstruction][3Re
resemble to bandpass filters, centered on 4 differeinstrumentation requires a minimum of 2 differemght
wavelengths. Fig. 3 exhibits the normalized photamts sources, emitted alternatively. Thanks to this kafidsensor,
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color, the incident light is rebuilt by combininget output
signals of neighboring pixels. Thus, as well as tost of
filters, major drawbacks of these sensors are ticeeased
silicon area, reduction of light gathering and codotifact
[17].

®
=]

=
S

Ill.  MODELING OF THEBQJPHOTOCURRENTS

When incident monochromatic light impinges on ttve
photodetection area of the BQJ photodetector, & Pparof the
initial photon flow,®, is transmitted in the device:

- ()= (1 - RMW)® ®)

400 500 600 700 800 900 1000 1100 where RY) is the reflection coefficient, precisely definad

fi 5 Relat . "f"“‘ve""';‘g"ég;‘) tocatréo the total oot [13, 35-37], which is dependent on the wavelenith,

1g. elative contribution or eacl photocaotr e (otal opto- H : iR

electrical response versus wavelength (measuramsuit). nght with energy, BO’ grg_ater than the silicon banc_igap,
propagates through the silicon. Though electror-hohirs

light emission (and their detection) can be simnétaus. Thus, Were photo-generated along the entire path depgb-thirough
the measurement of parameters of interest is eteal(done the material, most of the photo-carriers are geadran a
at the same time and in the same spatial, physibgnd region dx,, centered at depthyxaccording to the following
electrical conditions). generation wavelength-dependent rate equation:

In addition, noise and parasitic signal rejectioming from Gpy (x, M=, (L) a(L)ePx (6)
light source(s) or transmission channel X}(is improved in wherea()) is the absorption coefficient, that depends an th
comparison to simple photodiodes. Indeed, all spkctwavelength, but also doping concentrations and ézaipre
responses are taken in the same site and theyechaded on [38-39].
the current ratios [12]. For instance, in Fig. A drg. 5, The 4 junctions serve to collect photo-generatedttedn-
oscillations due to reflection are suppressed. hole pairs, each resulting in a junction photoautréEach

Moreover, fewer additional components, such ascapti photocurrent has 3 different components: a driftent (byqg)
filters or prism(s) to discriminate the incidengHt, are from the collection of photo-generated carrierthia depletion
required for very specific application, such asofescence region and 2 diffusion currentspfly and bug) from both
detection [23]. Thus, additional cost of non-stadda adjacent quasi-neutral zones (QNZ) [6, 13, 35] Ege7):
production’s step is minimized or null. Tpro=TpraroTprnoIprpo (7

Finally, for consumer applications such as CMOS APS
image sensors, photodetectors require a minimufacaiarea
(less than ten microns, typically) with high fikdtors (ideally
100 %) [33]. However, with this kind of photodetmGtby
superposition of layers (P and N) with pads, aiggnt area
of the sensor doesn'’t participate to the detectindeed, the
counterpart of this photodetector use is it lowffictor (FF)
[34]. In Fig. 6, the FF is given for a square BQwtodetector
according to the dimension of its edges. This typsensor is
generally suitable for applications necessitatingther large
collection surface (a few tens or hundreds of nmisraside).
However, this must be in contrast to the fact thadst
conventional image sensors use an array of layeaathnged
simple photodiodes, covered with different filt¢ed least 3),
for color selectivity. As each photodetector resoohly one

Relative contribution (%)
o
=]

)
=]

~2sub

Fig. 7 Photocurrent components in the BQJ structure

a0 A. Drift Components

9 B / In the depletion region, the internal electric diémposed

= 60 by the reverse bias separates the photo-generatedrs by

=] . . . . . .

S preventing their recombination. As the recombinatiwocess

B« is negligible, this leads to a drift current whiclior

& 50 monochromatic illumination, can be simply calcuthtby
integrating the generation rate over the depldtagar:

0 ; ;
0 100 200 300 Iptare (W) =qApp @, (1) fwe Gp (x,1)dx

Edge dimension (um)
Fig. € Fill factor of a square BQJ photodetector versisiite =ApuSppge M PA) (8)
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where W (where6 from 1 to 4) represent the depletion-layer
widths (see Fig. 2). They are dependent on theieppl

voltages and the doping levelsyg denote the drift spectral
sensitivities.

B. Diffusion Components

In a QNZ, the newly photo-generated carriers mottify
existing electron and hole densities. For the nigj@arriers
in the zone, this variation is negligible compatedhe high
concentration of dopants. However, for the minoc#yriers,
the contribution of photo-carriers generates a iBaamt
concentration gradient. This results in the disphaent of
charges from their point of generation to the netagepletion
region. Reaching the depletion region, they areedriby the
electric field in the region, giving rise to a diffion
component. Therefore, inside the detector structine QNZ
of the P-diffusion, P-well and P-epi substrate layers pasiu
4 photocurrent components due to diffusion of etetd,
denoted bydiny, lphna lpHnz @nd bung (S€€ Fig. 7). Similarly,
the QNZ of N-base and the deep N-well layers preddc
photocurrents by diffusion of holes, notegh, lpnpa lprps and
IpHps (S€€ Fig. 7). It is noted that the N-base weNyeH and
deep N-well layers are common to 2 junctions, thetp-
generated minority carriers are directed to the rewma
depletion region. This leads to the production diftusion
currents in opposite directions for each QNZ.

The calculation of these diffusion currents requithe
solving of the continuity and Fick's equations. Hfere, in
steady state, the following expression is validdach QNZ:

C = XlLig ILig . PIMTe 4%
Ajo(M)=By,&70+By,€H +1-(a(x)Lj9)ze 9)
whereAj, are the variations of minority carrier concentrati
in each QNZ, with j = n for electrons and p foréd®l L, are
the diffusion lengths of the minority carriersy are the
corresponding time constants; the real numbefssaBd By,
are defined from the following boundary conditions:

Sy (0=De. 5 (10-2)
SesufnaOsu)=Drpsu s, | (10-b)
ANy (X15)=An,(Xp)=AN3(Xz,) =0 (10-c)
Any(X3p)=Ang(X3p)=AN,(X4,) =0 (10-d)
Ap, (X10)=AP, (X10)=AP; (X2n) =AP, (X2n) =0 (10-e)
Ap;(X3n) =AP, (X3n) =AP; (X4n) =AP, (X4n) =0 (10-)

Here, $. and Sy, are the surface recombination velocities

on the device’s top and bottom, respectivelyp.and Rpsup
correspond to the diffusion constant of thed#fusion and
the P-substrate, respectively.

Finally, the diffusion photocurrents, at points afe given by:

ISR
lpro () =20ApkD) =] =AprSorp()@() (1)

where the electrons flow is considered positive,levithe

holes flow is negative; X' corresponds to the baupdiepths

presented in Fig. 7 (i.e., Ojpxand %.); Senp denote the

diffusion spectral sensitivities.

From equations (8) and (11), (7) can be rewritten a
1ot =R (Soran 0+ Sprn 0+ Sprin (1)) ()
=A1So (WP

and the total spectral responses become:

(12)

_lewoy _ lp® 1
S*)= PopT() ~ APHE()®()  EQ) Sero (M) (13)

with E(L) = hch, where h is the Planck’s constant, ¢ denotes
the speed of light in vacuum, g represents thetrelecharge
and Rp1(A) is the optical power.

IV. EQUIVALENT CIRCUIT

For fast system on chip (SoC) design, simulatiatstavith
reliable models of all components are essentiabeBaon the
previous considerations, associated to earlier svfBk 12-13,
41-46], we propose an equivalent circuit of the BQJ
photodetector here for large-signal analysis.

Large-signal operation corresponds to the case evtiex
device operates either in steady-state (i.e., D€)inoa
transient state. Small-signal and noise modelsbeadeduced
from this equivalent circuit [12-13] for variousroputational
analyses (AC, noise, sensitivities, etc.). Thuss possible to
perform accurate and rapid simulation at differéenels
(component, circuit or system).

The proposed equivalent circuit of the photodetedts
large-signal operation is shown in Fig. 8, where Itock on
the right is the physical equivalent circuit of tH&QJ
photodetector. In contrast, the block on the lefrit physical
reality. It is an equivalent modeling to take irgocount the
intrinsic opto-electrical response speed of thaaewv hus, we
have:
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The V¢ are the equivalent voltage sources controlled by
d(L) (i.e., image of the incident radiation), where
Vep(h) = Kpo®(A), with Kyp = 1 V.cmz2.s/photon.

= The RgCey are the opto-electrical time constants of the
equivalent networks representing the photodetedtoey
model the response’s time to generate photocurvems
an incident light suddenly reaches the surface hef t
photodetector. They are approximated by a firsteord
model and defined by the cut-off frequencies [182D
a7]:

1 2.4
fe -3a8= 2ReqCoq _ 20 (14)
with:
1:9:2.2 ’(Tnezﬂdre2+’tp92) (15)



where thert, are the diffusion times of the photo-
generated electrons in the P-type QNZ; theare the
diffusion times of the photo-generated holes in Me
type QNZ (the both previously defined t)y); thety, are
the photo-carrier transit times in the depletioyela. The
drift component has a faster response than thesiff
one, as the charge collecting process differ. Yiet,
function of the nature of the incident light, pha@rriers
are generated mostly in a specific zone, which Bepo
the most part of this time,. In the worst case, they
conduct to both rise and fall times of some nanosés.
Note that there are also the usual purely eletttioae
constants, associated with impedance connectedheto t
BQJ outputs and the junction capacitanceg(l@ock on
the right in Fig. 8).

Ipp are the photocurrent sources. In Fig. 8, they are

current sources controlled by the voltage acrosg. C
Thus, we have in the frequency domain:
K
I (A, F)= " T ApHSpr(MV oy (V) (16)
ft:F)-.’."dB

where K4 =1 A/V and $yy is defined in (12).

R, withk =1, ..., 5, are the parasitic series resistances of

the ohmic contacts and the bulk resistances ofQNE.
They are non-linear elements that depend on théedpp

bias and reduce the device efficiency. Their values
(typically, some ohms) depend mainly on the device

layout via both the junctions’ area and the numbkr

contacts on each layer..Ran be estimated before the
device realization, either manually or from paiasit
extraction with EDA software, based on the techgplo
design kit [48].

Cy are the junction capacitances. As the transit

capacitances are negligible in reverse-bias peitoiz,
only these capacitances,@re taken into account. They
are well defined from the following equation:
C
Co= "y (17)
(1+70)
bi6

Here, Gy are the effective zero-bias junction

capacitances, taking into account both surface and

peripheral contributions; ) are the reverse voltage
biases applied to junctionsyycorrespond to the built-in
potentials; N are dimensionless technological

parameters that depend on the doping profiles ef th

junction.

Note that, assimilating these physical capacitarices
parallel-plate capacitors, it is possible to havéaiy
reliable estimate of the associated depletion layieith
(W) and its maximum electrical field, from Gauss’ law
(both parameters being necessary for the calculaifo

the BQJ currents, both in dark conditions and under

illumination).

Ioce are the dark current sources, the ubiquitous ftaras
leakage current flowing through a p-n junction. {¥he
impose a physical limit on the minimum detectaliimal
[12]. In the voltage range of interest, the invalve
physical mechanisms are:

(GR) process: present in each space-charge rebisn,

mechanism produces a thermal generation current

Shockley-Read-Hall (SRH) generation-recombination
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under reverse-bias polarization. At room tempegatitir
is generally the dominant contribution for modelate
doped junctions with low and moderate reverse bias
voltage. In the device structure under study, thuzs&
current components,pd srrp, are measurable in all
junctions (mainly for i to J). Their contribution is
given by:
Wo

IDC_SRH)quJe?ge (18)
where Ay represents the effective junction areas; the
14 denote the effective GR lifetimes [49]. This kiofl
current is directly proportional tojyat the power M
(i.e., VypM®).
Diffusion mechanism: for a low-doped p-n junction,
with a small reverse voltage bias and a junction
temperature slightly higher than room temperatthre,
thermally generated minority carriers move by
diffusion from both neutral regions of a junctianits
depletion layer, where they recombine. They produce
diffusion current (), explained by Shockley [35].
However, as the device is a’NPPNP structure, a
mutual coupling between neighboring junctions exist
and an interdependency of diffusion currents flayin
through the junctions is expected in particularsbia
conditions (similarly to the Ebers-Moll model of
bipolar transistors). The analytical expression is
obtained through equations (9) and (11), with= 0
photon.crif.s', equations (10-a) and (10-b) and the
following new boundary conditions:

ANy (X15)=Nop+ (exp(-%vn) -1) (19-a)
ANy (Xp)=AN3(X2p)=Nopuell (exp (' K—qTVJz) '1) (19-b)
ANy (Xgp)=Ang(X3p) =Nopuel (exp (' KiTVJS) '1) (19-c)
An4(x4p):nOPsub(eXp (' % VJ4) '1) (19-d)
Apl(xln):Apg(Xln):p0Nbase(eXp(' KiTVJl) '1) (19-e)
AP, (Xan) =APy (Xan) =Ponpasd XD (- 15 Vi) 1) (19-)
AP, (Xan) =A, (Xa)=Ponyer (XP(- 22 V13) -1)  (19-0)

Ap3(x4n):Ap4(X4n):pON\,\,e" (exp('KiTVM) '1) (19-h)
where Bp, Nopwetr Nopsub Ponbase Ponwen @r€ the minority
carrier concentrations in each QNZ of the structatre
equilibrium; K is Boltzmann’s constant; T is the
absolute temperature.

For a reverse bias higher than ~100 mV, this
component is independent of,V

Tunneling effect: it is a quantum effect observed i
highly doped junctions, even with moderate reverse
bias voltage. In such conditions, the band-to-band
tunneling (BBT) is not negligible. Its contributios
formulated from the conventional Zener tunneling
equation:

2
lpc_9~AV%CpppEmaxo€ EMaxo (20)
where Guy and E are constants that are highly
dependent on the device material; thgsk are the
maximum electrical fields in each depletion zone.
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Typically, for Vy higher than a few volts, this currentperformed by direct probing of the detectors onwvilaéer. For
varies mainly as exp(y"), wherey is a real number. all devices, the active areagd4) is 200 um x 200 um, with a
More complete information about dark currents can bP'-diffusion area of 206.2 x 206.@mz, 220.4 x 220.4 um2 for
found in [12-13, 35, 49-51]. the N-base layer, 233.6 x 233.6 um? for the P-Vegier and
249.8 x 249.8 umz2 for the deep N-well layer (i.Ag).

V. MODEL VALIDATION According to Fig. 2, the depth of the junctions gre 0.3um,
We have performed model validation by comparing th@;hl.SSHm,_xngti.IS%m ?ndx t: :Ill um. v charisties
device’s characteristics computed from our developmdel e experimental BQJ spectral responsivity char

with the ones by both TCAD simulations and measer@s) are obtained by '”“m'”?‘“”g the device with a fsed SPOt
Dark current has been also analyzed in order tatifyethe (diameter of 100 um) W ith a broad-spectrum sowoe_l, with

. . . 20 nm band-pass optical filters (FWHM). Due to mateat
dominant physical mechanism.

X i our disposal, they are realized over the 400-11®0range,
We have measured various BQJ detectors, fabricatid

. . with a wavelength step of 25 nm (except betweenwioefirst
the Teledyne DALSA Semiconductor High-Voltage 0.8 p points, at 405 and 450 nm). Thus, note that, du¢hése

CMOS technology (shown in Fig. 1). All measurememése o icq) filters, each measurement point is an a@ran the
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bandwidth of the used filter. The optical powettet output of have a subsampling effect, the constraint imposgdhie
the filter in each distinct spectral band is defead with a Nyquist-Shannon theorem is respected here and wilel
calibrated power-meter (Model 1830-C + 818UV Siedatr, the averaging effect. Consequently, our resultswshkarger
Newport Corp.). Current measurements in reverses biamplitude variation and the oscillation effect isrm visible
conditions are carried out simultaneously on allB(Qutputs than with measurement and TCAD data. However, tiuaé
with a source meter unit (SMU) mainframe (HP4142Bthis step is easily modifiable in our program. Alpectral
Keysight Tech.), where each measurement poinkistlerage responses exhibit good agreement between the pdpos
of several acquisitions. Then, the photocurrenes deduced model and TCAD simulations and measurements. Thanme
from (1), after subtraction of the dark currentsmiponents. relative error on the spectral responses from owdeh

Simulations have also been performed using the ukaurcompared to measurements, is between 6 % and 17 %,
Medici semiconductor modeling package (Synopsys).Ifi® depending on the considered junction. Factors, sash
reduce the computation time, the detector strudtuneodeled uncertainties on some basic parameters (such asglop
with idealized cylindrical symmetry. The spectralconcentrations, depth of junctions, recombinatifface at the
characteristics of the detector are computed foidant light SiO,/Si interface, etc.) and precision of the absorptizodel
ranging from 400 nm to 1000 nm, with a variable alamgth [38] (around 10 %), may explain the observed défees.
step between 20 and 30 nm, close to the employgddstring Changes between our model and TCAD results can be
measurement and, also, in order to obtain the tradeoff attributed to the following aspects: in additionthe different
between precision and computational load. wavelength step, which conducts to an oscillatiffiace that

Moreover, we have implemented our model firstlyngsi seems different and the amplitude’s differences atbsorption
MATLAB (Mathwork Inc.) for fast analysis of our coefficient model differs. With Taurus Medici, weave
development. Photocurrentsyd, are calculated according to employed a basic model [53-55]. In our case, aomusand
their analytical expressions, especially. All theeyk tested model, described in [13], is used. Moreovbe
parameters, such as()), are also modeled, and thenumerical method, associated the TCAD meshing, dcoul
dimensions of all regions are determined. Thgdalculations accentuated these differences.

involve determination of various parameters inahgdi In the case of the normalized responses of FigsR{) is
physical constants, process parameters of the ¢gyblo the same for all junctions, introducing (12) in,(8g have:
technology, temperature and bias voltages. N ()= 5@ 21
! ges. o(M)= s (21)
In a second time, these same equations, in assoctatthe X1 So)

proposed equivalent circuit, have been introduce@uesta 1 herefore, oscillations due to reflection are sepped and the
ADMS (Mentor Graphics Inc.) with the VHDL-AMS Mmean relative error between measurement and modiese
language, as in [52]. Thus, for future perspectivie normalized responses is then |mproyed (between anth
implemented model can be easily employed in a itimad 12 %, rather than 6 % and 17 %, previously).

system simulation environment, where other comptmen Finally, note that changing the bias conditionsrfi@ to 5 V
models, coming from various libraries (SPICE, VHBIMS, —does not significantly affect the spectral respengess than
etc.) can be plugged on it, for instance. This astipularly S %). Thus, the choice of these biases is mainly sepdby
attractive for rapid design of SoC, where the BngnsMermg dark current contributions and optiriga of
photodetector is used. Note that TCAD tools arberatised eésponse times, through gWTherefore, to tune the spectral
for simulating semiconductor performance, based an 'ésponses for a particular application, adjustm@ntioping
drawing structure. It is now possible to couplentheith ~and depth of each junction are the best approanta Befined
SPICE-like simulator. However, the computation timeuite ~fabrication process, adding a metal grid strucairéne surface
long and its realization can be complex, with usudlf the photodetector to shift the region of higimsvity of

convergence problems. the photodetector is also an interesting possydi4].
Fig. 9 represents the spectral responses of thed@€@ttor
obtained from the 3 approaches in the followingditons: at 1.2

room temperature and for#¢1.5 V. Fig. 9a to 9d correspond

to each of the 4 junctions respectively, and Fer&resents :ﬂ; 1.0

the sum of the 4 spectral responses, with a speeponse of < 08

a commercialized photodiode (FDS025, Thorlabs Jradyled §

for comparison. The oscillations affecting the spmc 5 0.6 Inci

characteristics of the BQJ detector are due teistdfferences o 04. | Inc2

of reflections from different dielectric layers dap of the f; ’ -=pca

detector surface (air/$i,/SiO,/Si). They are more ] 0.2 L—Ipcs _
pronounced in the proposed model, compared to ADI i -——-;::;:’f’_ shiiaiaieaia
simulations and measurements, because narrowerengte 00 o 1 2 3 4 3
bands were used. Indeed, with our model’s resnltsig. 9, a Reverse Voltage (V)
wavelength step of 1 nm has been chosen becausayras Fig. 10 Dark current characteristic of the 4 juois.

simulation time is short (some seconds, comparechaoy
minutes with Taurus Medici), this low step permits
perfectly reproduce the oscillation effect due éfiection. In
contrast to measurement and TCAD simulation, wheee

Dark current characteristics at room temperatune fedso
been measured. They are presented in Fig. 10, wherean
define 3 bias ranges on these I/V characteristicsprding to
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the main physical mechanisms: obtained with TCAD simulations and measurementsbfuih

= 0 < Vy < 0.5 V: both SRH generation and diffusionelectrical (dark currents and junction capacitapessl opto-
mechanisms contribute to the dark current. electrical (spectral responses) features.

= Vy > 05 V: by Iis proportional to (Vy)Mo. The perspectives of this work are a statisticatlgtof the
Consequently, the SRH generation is predominant. main parameters of this model. The design of SoSIC),

= Vj; > 3.5 V: the dark current is proportional to thebased on this BQJ photodetector, is also in prodéss front-
exponential of the junction voltage (exp(Y) in the end is then designed and optimized thanks to thislet
highly doped junction iJ Thus, the BBT effect is associated to SPICE-like simulation.
predominant in this range.

Also, note that JJshows the largest dark current contributiot’ACKNOWLEDGMENT

for reverse biasing voltages up to 3.5 V. This is beealiis The authors wish to thank Teledyne DALSA

me lowest .?Orf)ed j?nCtt'ﬁn land |tst dep:cleted Zo;ee;’(\j"desﬁi Semiconductor Inc. for help in the manufacture fed 8QJ
oreover, It nas aiso e largest surtace areaénstdewa photodetector and for the extraction of technolagic
region, with more significant surface thermal gerien.
%arameters.

Junction capacitances of the device have also be his work was performed within the Labex SMART

measured independently (the studied junction iensad bias,
while the others are left floating), with HP4280Results are supported by French state funds managed by the Witifin

presented on Fig. 11. For a 3 V reverse bias, thaehof (17) ';-hle_lll:r)l\é(:(s_t(l)%soir?(;eznts d'Avergirogram under reference ANR-
is in agreement with the measurements oandl J, with less )
than 5 % deviation. ForsJthe junction capacitance is

overestimated by about 17 %. Finally, for a revebsas REFERENCES
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