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Backside-llluminated Silicon Photodiode
Array for an Integrated Spectrometer

Tommy A. Kwa, Pasqualina M. Sarrtember, IEEE and Reinoud F. Wolffenbuttel

Abstract—A p™-n, backside-illuminated photodiode array, to PHOTODETECTOR
be used in an integrated silicon spectrometer, has been fabricated GRATING ARRAY
and characterized. For this type of application, illumination T
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from the back is essential. The array is suspended in a nitride ) i
membrane for enhanced electrical and thermal isolation from | .
the micromachined bulk. To prevent illumination from the front, rd| i’
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the array is entirely covered with an aluminum layer, which also 1ibl ‘/
I
il

enhances the spectral responsivity. A model is described with - e
which the performance of the backside-illuminated array was Tree L=
predicted. Furthermore, the performance of the photodiode array
is compared to that of a conventional, front-illuminated array. \ MIRROR

Fig. 1. Principle of the integrated silicon spectrometer.
[. INTRODUCTION

N CONVENTIONAL applications where an array of pho-deep p-type diffusion (8 /) is performed to define channels
todiodes is employed, the detectors are illuminated frothat are to be etched away during the etching of the bulk.
the front. In this paper, a simpletpn junction photodiode Subsequently, the cathodes of the photodiodes are formed

array is described, which is illuminated from the back. Theith a deep n-type diffusion (102/00), which is also used
array is applied in an integrated silicon spectrometer, as shotencontact the epilayer during the electrochemically controlled
in Fig. 1, for the analysis of light in the visible spectrumremoval of the bulk silicon. Next, a thin oxide (12@) is
Besides a high responsivity in the spectral operating rangegmwn through which boron is implanted.§- 10> cm—2, 150

low dark current is required. To achieve this, the photodiod@V) to form the anodes of the photodiodes. A low tensile-
array is made in a silicon membrane, which is suspendedsitress nitride layer [1] with a thickness of 408ds deposited

a membrane of silicon nitride. Nitride is chosen because by LPCVD [Fig. 2(a)]. This layer is patterned to form the
its high mechanical strength, its compatibility with bipolar IQiitride membranes [Fig. 2(b)]. Contact holes are etched and
processing, and because it endures the etchant used to renamveluminum layer is deposited (0;6n) and patterned for
the bulk silicon. A top aluminum layer covers the entire arrathe electrical interconnections [Fig. 2(c)]. A PECVD oxide
to prevent illumination from the front and also serves as (8.8 ;m) separates a second layer of aluminum (pPr8).
mirror to extend the absorption path. The resulting structude oxide and nitride layers at the backside are stripped off
is shown in Fig. 2(f). The array consists of 12 photodiodes {fig. 2(d)] Finally, a 35004 thick PECVD nitride layer is

40 x 1000 pm? each. A model is described with which thedeposited on the backside and patterned for the etch-mask
performance of the backside-illuminated array was predictdéfig. 2(e)]. Etching of the substrate takes place in a KOH
The performance is compared with that of a similar fronsolution with a concentration of 33 wt.% at a temperature

illuminated array, and in Section V to measured data. of 90 °C using Electrochemically Controlled Etching (ECE)
in a two-electrode configuration [2]. The etching stops at the
Il. DEVICE FABRICATION epilayer, but continues where an isolation diffusion is present

L i . .. and eventually stops on the nitride layer [3] [Fig. 2(f)].
The fabrication process of the photodiode is given in Fig. 2.

A (100), 2-5€- cm, p-type substrate with a 2;8n thick n-

i . o . [ll. M ODEL TO DETERMINE THE SPECTRAL RESPONSE
type epitaxial layer with a resistivity of 0.8. cm is used. A _
The spectral response of the photodiodes can be modeled
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Fig. 3. Schematic of the backside-illuminated photodiode.

The photon flux, with wavelengthi, drops exponentially
along the propagation path according to Beer’s law

F()‘7$) _ —a(Nz
By ° ’ @)

where £, () is the initial photon flux (just below the surface
within the material) /'(\, z) the remaining flux deeper into the
silicon at a depthx in the material, andv(\) the wavelength-
dependent absorption coefficient of the material. Equation
(1) is derived from Poisson statistics according to which the
absorption probability of photons with wavelengthat depth

z, is

P(\ z) = a(\)e™ NV, 2

The number of photons, with wavelengt) absorbed in a
layer from a depthl to L is equal to the product of the initial
photon flux and the total absorption ratio of photons in the
layer, thus

L
N(X) = Fy(\) / a(N)e *Ne g, (3)
d
The responsivity for monochromatic light is defined as the
ratio of the photocurrent/,y, to the optical powerf,;

_ Jon(N)
()= m (4)

The photocurrent density is proportional to the number of
generated carrierg - N(A),

Jph()‘) = UN()\)% (5)

®
Fig. 2. Fabrication sequence of the suspended backside-illuminated phyf{here77 is the mt_err_]al quantum efflc_lency. T_he optical power
diode array. of a photon flux is inversely proportional to its wavelength

Popt(A) = Fo(N) % (6)

assumption that all carriers generated in the asd-thick
silicon membrane, and which are not lost due to recombinatigbstituting (5) and (6) into (4) yields a responsivity propor-
at the surface, contribute to the photocurrent of the diodgonal to the product of the total photon absorption ratio and
For carriers generated close to the surface however, thig wavelength,
assumption cannot be made due to the presence of surface \o L
states. These are created at an abrupt ending of the crystal S\ = M/ a()\)e—a(/\)w dz. (7)
structure and form recombination centres [5]. he Ja

The presence of surface states has especially an effdfth the schematic shown in Fig. 3, the contribution of
on the spectral response for blue light because of the higach layer to the photocurrent can be calculated to obtain
absorption at the surface at shorter wavelengths. The effdwé expected spectral responsivity. As a first wavelength-
is less significant for longer wavelengths. For simplicity oflependent effect, part of the photon flux incident on the silicon
modeling, the presence of surface states is accounted forrbflects on the surface. The part that penetrates into the silicon
the introduction of a dead zone; i.e., a region in which all this, at normal incidencel — Rgs;(A), where Rg;()\) is the
generated carriers are considered to recombine at the surfafkectance at the surface. In the following a value of 33%
and, thus, do not contribute to the photocurrent. is chosen forRs;(A) [4].
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Fig. 4. Reflectance of an Si@Al-layer on silicon as a function of the Fig. 5. Calculated spectral responsivity for various thicknesses of the dead
wavelength. The thickness of the oxide is Q.. zone: (a) O\um; (b) 0.05 gm; (c) 0.1 um; (d) 0.2 pm; (e) 0.4 um; ()
0.6 zm; (g) 0.8 um; (h) 1.0 um.

Transmitted photons enter the silicon that is divided into
layers 1 to 4. During the removal of the bulk silicon, the ECE-
stop was used. In this technique, the etching stops on a biasedhe diode electrical characteristics and optical responsivity
silicon layer that forms the membrane. For this purpose, tMére measured using an HP4142B DC Source/Monitor, con-
epitaxial layer was employed. The epilayer-substrate juncti$illed by an HP9000/700 computer. A 100 W quartz tungsten
is reverse biased at a voltage of 1.5 V. This results, for th&logen lamp (Oriel 6333) with a 1/8 m monochromator (Oriel
doping levels used, in a depletion layer that extends aboif2°0) With a ruled grating (Oriel 77298) with an optimum
0.6 um into the substrate. Etching stops when the etching froff@velength region between 330 and 750 nm, was used as the
reaches this depletion layer [6], and therefore, a thin substrlight source. The light was coupled into the photodiode through
layer is expected to remain under the epilayer. The contributirplass fiber optic bundle (Oriel 77525). A variable slit (Oriel
of charge carriers generated in this layer to the photocurrent/i6263) was adjusted to pass a spectral bandwidth of 4 nm.
negligible and consequently, the influence of this layer on tH&e spectral responses (wavelength range 380-730 nm) were
spectral response can conveniently be included in the thickn83asured at several bias voltages. The backside-illuminated
of the dead zone (Layer 1). photodiode arrays were mounted in a specially prepared IC

In the epilayer an internal quantum efficiency equal to unitjousing to permit illumination from the back while enabling
is assumed, which is valid within the part of the spectruMyire-bonding at the front. The optical system was calibrated by
being considered [7]. It is assumed that in the depletion |ay@,easuring the response of a calibrated Si reference photodiode
(Layer 3) all the generated charge carriers contribute to tf@riel 7180) to a wavelength scan. The responsivity of the
photocurrent, and that half of all the charge carriers generafditptodiodes was then determined by replacing the reference
in the undepleted parts of the epilayer (Layers 2 and 4) diffus@i§de and repeating the wavelength scan.
to the pF-n junction and contributes to the photocurrent (the
other half recombines at the surface). V. EXPERIMENTAL RESULTS AND DISCUSSION

The oxide-aluminum mirror reflects the remaining photon
flux back into the silicon, resulting in a doubling of theA. Dark Current

effective absorption path. The reflectan¢@yir.o.(A), of the  As a reference to the backside-illuminated photodiodes, the
SiO, /Al-layers on top of the silicon surface can be calculategverse current—voltage characteristic of a nonmicromachined,
as a function of wavelength, and the plot is given in Fig. fiont-illuminated photodiode with identical layout and doping
(Layers 4, 3, and 2). The mirror is only effective at waveconcentrations was measured, and the result is shown in Fig. 6.
lengths with a penetration depth larger than AB(A = 600 Up to the breakdown voltage of about 30 V, the dark current
nm), so the dips at lower wavelengths can be disregard@streases to about 1 nA. The higher dark current of the

IV. DEVICE MEASUREMENT METHOD

Summing the contribution of each layer, we obtain micromachined backside photodiode is due to surface defects
4 and can be reduced by thermal treatment. However such a step
N =Fo(M\)(1 = Rs;(V) <Z ¢ a()\)e—a(k)w dxz IS poorly compatible with the integrated circuits.
i=2 Layer;

B. Spectral Response

2
—a(N)z
+ Rtirror (V) Zci OV dw) (8) Fig. 7 presents the spectral response of the front-illuminated
=4

photodiodes at zero bias and reverse-biased at 2.5 V with
wherec; = 1/2 for ¢ = 2,4 and¢; = 1 for ¢ = 3. reverse-biasing of the epilayer-substrate junction as well. In-
Substituting (5), (6), and (8) into (4), and assuming a deadeasing the reverse bias from 0 to 2.5 V results in a small
zone of 0.6m, the expected spectral responsivity is founihcrease of the spectral response, up to a maximum of 12%.
as shown in Fig. 5(f). In the blue region the device has As the increase in signal level does not outweigh the increase
low response, which increases with increasing wavelengtf.the dark current, the reverse voltage was restricted to 2.5
The response has a peakJ)at= 650 nm. The influence of a V. The two peaks in the responses (at= 470 and 560
substrate layer is also shown in Fig. 5 for various thicknesse) originate from the passivation oxide layer, which acts
of the dead zone. as an optical interference filter. Silicon has a low absorption

Layer;



764 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 44, NO. 5, MAY 1997

-5 [ \ ‘ ‘ 60 < !
55
b \ | 50 \\
< 7 , ® 45 °
< - , s BTN
S .8 [micromachined] z 4 7
=2 1 IS A— o 35 ] o
2 9 0 30 <
e} L : bt / B o “loo o
= o1 | = -
10 o Inon-micromachined} ‘ gg JI N o
-1 15
5 0 5 10 15 20 25 30 35 40 350 400 450 500 550 600 450 700 750
Viigs V) Wavelength (nm)
Fig. 6. Reverse current-voltage characteristics of a nonmicromachined &g 9- Relative increase of the spectral response of the backside-illuminated
a micromachined photodiode. photodiode when increasing the reverse-bias voltage from 0 to 2.5 V.
009 I " This is in agreement with the measured thickness of the
0 S \ remaining substrate under the epilayer. The absolute values
< 008 7 / ™ Y of the response are in close agreement with the expected
§0.07 / e \70\/‘;\ Vo~ 250 ones from the calculations, jystifying the a§sumption made
z 7 ias = ﬂ%l =-2 that half of all the charge carriers generated in the undepleted
% ' /] \‘\1 - parts of the epilayer contributes to the photocurrent. Increasing
& 005 I the bias voltage results in an increase of the response due to
350 400 450 500 550 600 650 700 750 the increasing depletion layer. Moreover, the increase in the
Wavelength (nm) short-wavelength region is relatively larger than in the long-
Fig. 7. Spectral response of a front-illuminated photodiode at zero bias aW@Velength region (See F|g-.9)- For the shortest WavelenthS
reverse-biased at 2.5 V. (380—390 nm), however, the increase is smaller due to the high
absorption and high recombination rate at the surface.
0.16 Vo
Vbias = -2.5
< 014 1 % P RS VI. CONCLUSIONS
3 012 e 2 . . . .
E 01 e Using standard bipolar IC processing and a single bulk-
;‘g 0.08 > -’ [Vies = 0V micromachining etch-step, a suspended backside-illuminated
5 0.06 < silicon photodiode array has been realized. The spectral re-
oY e L
g 004 574 sponsivity has a peak value of 0.14 A/W at a wavelength of
[a4 - . .
0'82 A 650 nm. In contrast, the front-illuminated array has a peak
350 400 450 500 880 600 650 700 750 responsivity of 0.09 A/W at 470 and 560 nm. Despite the

Wavelengfh (nm) removal of the bulk silicon, which introduces surface states at

Fig. 8. Spectral response of a backside-iluminated photodiode 1€ etched photodiode surface, the dark current is not increased
verse-biased at 0 and 2.5 V. very much compared to that of the front-illuminated array.
The dark current is less than 0.5 nA at reverse bias voltages

coefficient for red light which can therefore penetrate deepBglow 2.5 V. The array is suspended in a nitride membrane
into the silicon. Carriers generated beyond the biased efif electrical and thermal isolation. As the photodiodes are
substrate junction (thus, originating mainly from red lightiabricated in a standard bipolar process, compatibility with
do not reach the p-epilayer junction, as these are alread§lectronic circuitry processing is maintained.

collected in the epi-substrate junction. As a result, the response
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