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Avalanche Noise 1n Al 5»Ing 43P Diodes

L. Qiao, J. S. Cheong, J. S. L. Ong, J. S. Ng Member, IEEE,A. B. Krysa, J. E. Green and J. F
David, Fellow, IEEE

effect of the peak responsivity. Exploiting multiplication

Abstract—  Multiplication and avalanche excess noise factor from the diode however allow them to eventually
measurements have been undertaken on a series of AllnP homo- gchieve excellent responsivity value in [5].

junction PIN and NIP diodes with i region widths ranging from Although avalanche multiplication can increase the

0.04 pum to 0.89 um, using 442 and 460 nm wavelengthhligLow e . . . L
dark currents of < 170 nA cni® at 95% of breakdown voltage sensitivity of an optical receiver, the maximum useful gain is

were obtained in all the devices because of its wide bandgapd ~ Ultimately limited by the associated excess noise that
there was no tunneling dark current present even at high-fielss>  originates from the stochastic nature of the impact ionization
1000 kv/icm. For a given multiplication factor, the excess noise process. For thick avalanching structures, where the carriers
decreased as the avalanche width decreaselie to the ‘dead-  can pe assumed to be in equilibrium with the electric field, the

space’ effect. Using 460 nm wavelength light, measurements excess noise factor (F) was described by Mclntyre [6] as
showed that a separate absorption multiplication avalanche
photodiode (SAM-APD) with a nominal multiplication region
width of 0.2 pm had an effective k (hole to electron ionization _ 1

coefficient ratio) of ~ 0.3. F=kM+(Q- k)(z_ﬁ) @)

Index ~ Tems—Avalanche  photodiodes, = avalanche \ nore | — gy for the case of pure electron initiated
multiplication, excess noise, impact ionization, AllnP, narrow

band detector multiplication.a andg are ionization coefficients for electrons
and holes respectively and they are the reciprocal of the
average distance that a carrier travels before initiating an
. INTRODUCTION impact ionization event.

. L . . The ionization coefficients measured by Oagal. [7]
ptical underwater communication systems require a high- . e
e : s howed thaj/a is 0.4 - 1.0 over the electric-field range of
sensitivity detector with a peak responsivity a

approximately 480 nm, as this corresponds to th4001300 kV/cm consequently equation (1) would suggest that

: 4 . IInP should exhibit high excess noise and that any
maximum transmittance in seawater [1]. There are several ..~ . ) L

. . . . amplification of the photocurrent due to impact ionization
semiconductor materials which can detect light at 480 nm

such as Si and ®a2, 3], however these also have a broa&\/ould be matched by an almost similar increase in the excess

. o noise, thereby not improving the overall sensitivity of the
spectral response and so will be sensitivéhe presence of svstem
extraneous light sources at other wavelengths. Using theg’%owéver it is now well known, both experimentally and
broadband detectors will require optical band-pass filters Wim oo ! .
eoretically [8-10] that, for a given M, the excess noise

a high rejection ratio and center wavelength of ~ 480 nm . . .
: . réduces with decreasing avalanche layer thickness due to the
which add cost and complexity to the system. Consequently an

inherently narrow spectral response photodetector is preferréd. o & significance of the carrier “dead space’, defined as

€ minimum distance a carrier has to travel in the direction of
i“igg)] e;ﬁ\ll' [;'L (;jt?)?ool?asif:ra:jee?eggtr axitfdgo'g;lﬁhe;ag? ' the electric-field to gain the ionization threshold energy. This
) 0.4

cladding has a peak spectral response at 480 nm and a f(aﬁgd space has the effect of reducing the randomness in where

width-half-maximum (EWHM) of 45 nm. Later, Cheong et alcarrlers ionize and hence reduces the excess noise. The

reported on the photo-response of an AllnP homo-junctiotheneflclal effects of the dead-space increases as the

PIN diode with a narrower EWHM of 22 nm and an effeCtiVéalvalanchmg width reduces and the lower limit that can be

responsivity of 18 A/W, with a multiplication factor of 167 atpracﬂcally utilized s determined by dark currents due to

~ 480 nm [5] . This was achieved by employing thickinP guantum mechanical tunneling across the band gap at high

cladding, which yields small FWHM but has the undesirabl%IeCtrIC fields, €. thg tunneling current. Bglng the widest
andgap material which can be grown lattice matched to

, . GaAs, and having an indirect band gap, AlInP is expected to
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) . o L Fig. 3. Measured dark current-{) and photocurrents-j in AllnP SAM-
Fig. 1 Simulated electric field profiles in PINS (W10, 0.5, 0.2, 0.04 im) - App ynder 460 nm LED illumination with the optical pewattenuated |

NIP (w = 0.8 um) and the SAM-APD using the results ol from 3 p 163 ang 16, Also shown is the corresponding gain as a functidias
capacitive-voltage measurement shown as solid, dotted;ddhed, dashe voltage

dot-dot, long-dashed and dashed-dot lines. Also illtesttae absorptic
profiles of 442 and 480 nm, ie. the light attenuatis distance, as circles: field region, the mesa sidewalls were passivated and covered

triangles. by metal to prevent any edge illumination during the
There are however no experimental reports of excess noigeasurement.

for AlInP. In this paper, we present excess noise data obtained-rom the dark current-voltage measurements, no tunneling

from a series of AllnP PIN and NIP diodes with nominaturrent was observed even in the thinnest (w = 0.04 um) diode

avalanche layer thickness ranging from 0.04 to 1.0 um. Exceseucture. Capacitance-voltage (C-V) measurements revealed

noise measurements of a Separate-Absorption atitht the doping densities in*pand i claddings in all

Multiplication APD (SAM-APD) with a nominal 0.2 pm structures are ~ 3 x 1cm?® and ~ 4 x 18 cm?®, similar to

avalanche layer are also reported. those reported in [7]Using the C-V data and solving
Poisson’s equation, electric field profiles in these structures
Il. SAMPLE DETAILS AND CHARACTERIZATION were simulated at their corresponding breakdown voltages, as

The series of diodes used in this work include the thr&&own in Fig. 1. The total depletion widths are thicker than the
homo-junction PINs and a NIP structure with nominal i regioRominal i thicknesses due to the relatively low doping
widths, w of 0.2, 0.5, 1.0, and 0.8 um, respectively, preskjo densities in the p claddings which results in a significant
reported in the work of [7]. This work also includes a PINiepletion into the pcladding layers, especially in the thinnest
which has a nominal i region thickness of 0.04 um and thdN. For simplicity, we will refer to just their nominal
SAM-APD reported in [5]. To ensure that the incident light ighicknesses in the subsequent text. Using a white light source
not attenuated by the 50 nm heavily doped GaAs contactiffd @ monochromator, the peak of the spectral response in all
layer, it was selectively etched from the central window regidh€ devices was found to be ~ 480 nm with a FWHM of ~22
of the circular mesa devices. As excess noise measuremédhts

can be sensitive to any ‘mixed’ carrier injection into the high
lll. RESULTS

Multiplication and excess nhoise measurements were
undertaken using a 442 nm He-Cd laser and a Thorlab
LED470L LED with a 460 nm peak emission [11]. The latter
offers the closest emission wavelength available in
commercial LEDs with a reasonable output power to 480 nm.
The measurements were performed using the setup described
in Lau et al. [12] The transimpendance amplifier (T1A), based
on the Analogue Devices AD9631 with a gain of 2200 V/A
(unterminated) was used to convert current into a voltage. The
i ; i output of the TIA was then amplified by the Minicircuits ZFL-

0 20 40 60 8( 500LN+ and fed into a bandpass filter SBP-10.7+, which had
a pass band centred around 10 MHz and a bandwidth of 4.2
MHz.
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Fig. 2. Experimental M-1 versus reverse Bias for AllnP Bibdes usin
442 nm laser (close symbol) and 460 nm LED (open symbtit)wvi= 0.0:
pm (9,0), 0.2 um (m,0), 0.5 um (V,V) and 1.0um (e,0) and NIP diode
with w = 0.8pum (A ,A). Solid lines are modelled results assuming 44:
illumination.
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Fig. 4. Experimental F versus M using 442 nm laser (clegatbol) and
460 nm LED (open symbol) for AllnP PIN diodes with w =010m @),
0.2 um (m) and 1.0 um (e,0), NIP diodes with w= 0.8 um ( A ,A) and
SAM-APD (x). Grey lines are McIntyre’s curves with k=0, 0.1, 0.3 0.5,
0.7, 1 andL.2.
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Fig. 5. kg versus nominal Wth using 442 nm laser (@) and 460 nm LELC
(o) for AllnP PIN diodes. The symbod) representsck of the SAM-APL
by using 460 nm LED. The symbols (x and +) show PIN mivdeiesult:
by using pure injection and SAM-APD modelling resulysusing mixec
injection respectivelyAlso shown the calculated d/w ratio, by taking
highest electric fields attainable in these devices shinwi#ig. 1. Lines ai
the guide to the eyes.

The excess noise factor, F, obtained using the expression

Beff (Csi )

F(M) = Dour 2

aMl - By (Cpyr)

442 nm wavelength, > 99.9% of photons are absorbed in the
1.0 um top doped cladding layer, giving virtually pure
electron (or hole) initiated multiplication. For the 460 nm
emission from the LED, due to the relatively short diffusion
lengths in the doped AllInP, most of the photocurrent is
contributed by the longer wavelength components of the LED
spectrum absorbed within the depletion region. This results in
a significant mixed carrier multiplication characteristic. Fig. 2
shows the multiplication characteristics obtained in the PINs
(NIP) plotted as log(M-1), to emphasize the low field
multiplication characteristics. A®a ~ 0.7, even at low fields,

the difference between 442 nm and 460 nm appears almost
indistinguishable, especially in the thinner avalanching
structures. The maximum gain in these devices is ~ 20
probably due to un-optimized etching process in these mesa
devices, resulting in high electric field at the mesa edges [14].

Fig. 3 shows the dark -current, photocurrent and
multiplication for the AllnP SAM-APD using the 460 nm
LED. The dark current is less than 10 pA at 99 % of the
breakdown voltage for a 210 um radius device. Such a low
dark current in the device allows the direct measurement of
photocurrent even when the optical power was attenuated by
10" down to ~1 pW There is no tunneling current despite the
peak electrical field exceeding 1 MV/cm and the
multiplication — voltage (M-V) curve shows a gain of 90 can
be obtained. The multiplication here however, was measured
using only the 460 nm LED as due to the thick cladding and
absorption regions, most of the photons were absorbed before
entering the high-field region and therefore can be assumed to
be initiated by electrons only.

Fig. 4 shows the excess noise-multiplication characteristics
for the AllnP PIN and NIP structures using 442 nm laser
illumination. Also shown are the excess noise characteristics
for the thickest PIN and NIP, together with the results from
the SAM-APD obtained using 460 nm illumination. The grey
lines correspond to the Mclintyre noise theory based ofilthe
(K) ratio. The excess noise factors of the mixed injection (460
nm) are higher than the pure electron injection (442 nm) in the
1.0 pm PIN structure as the contribution of holes to the
multiplication process is detrimentdlhe opposite behavior is
seen in the 0.8 um thick NIP structure where the highest noise
is obtained with the use of 442 nm laser excitation with holes
initiating multiplication, compared to when 460 nm was used.
From the ionization coefficient ratio, k should vary from ~0.6

where a is a correction factor, | is the mUItIIOIIedforthe thickest structure investigated here to ~1 for the thinner

ph(_)tocgrrent_, &(Cs) 1S the effectlve_ noise ban_dW|dth_ of structures, in contrast to the experimental results. Decreasing
calibrating Si photodiode andefCour) is the effective noise w0\ iy the PIN structures, results in the excess noise

bandwidth at the device under tastapacitance. To ensure decreasing to levels corresponding to k = 0.32 and k = 0.11, in
the dark current does not affect the measurements especiallyhgto 2 and 0.04 um structures respectively. The results of the

high gains, optical sources were modulated and the resulti&gre injection and mixed injection (not shown) are quite

photlt?]c(;urrents and noise power were measured using I()Cks\ﬂwilar in these thin structures, because the impact ionization
amplifiers.

. o - . coefficientsa andp are almost identical when the width is less
To determine if the multiplication characteristics obtalneﬁ]an 0.5 um [7]. The excess noise of the SAM-APD are close

from these light sources are initiated by a single carrier type f | = 0.3 as seen in Fig. 4 and in agreement with the data

otherwise, the absorption profiles for 442 and 480 nm, .. 4. PIN with the 0.2 um nominal i region width
wavelength photons in AllnP were calculated using the ' '

absorption coefficients from [13] as illustrated in Fig. 1. For
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IV. MODELLING & DISCUSSION see that the excess noise of the SAM-APD is equivalent to that

Simulation of M(V) and F(M) in the presence of a deadef @ 02 pm PI.N, despite h.avir.IQ a much wider triangular
space can be implemented using a method initially proposgl§ctric field profile as shown in Fig. 1.
by Hayatet al. [15] or the random-path length (RPL) model The modelling also shows that in the thinnest PIN structure
[16]. The latter was used in this work. To account for the no#fvestigated, the effective k corresponds to 0.15, comparable
uniform electric field profile in these devices, the electrofP & 9ood silicon based APD. A properly designed SAM-APD
ionization probability density, dx,,x) which describes the With a similarly thin avalanching region and a 2 pm thick
ionizing probability of an electron atafter travelling a absorbing region should therefore ensure a device with a high
distance x can be expressed as [17] responsivity, low noise and a relatively low operating voltage.
Such a device with a 0.4 mm diameter (in order to achieve
high responsivity) would have a capacitane- 6.2 pF when

0 X< dg (%)
fully depleted, enabling a RC time limited bandwidfi- 513

©)

he (%, %) = a*(x+><o)exr{— fa*(z+x0)d2} %> de(%)

de(x0)

MHz at unity gain,

making it suitable for underwater

communication applications.

In (3), d(Xg) is the distance of the dead-space, which is
derived from the threshold energynand electric field,f
given by

[ £(x)dx @

de(x0)

E

the —

By integrating (3), the probability of an electron not*:
ionizing after travelling a distance x from K is expressed as
4.
In(r)y=— fa*(z+ X,)dz )

de(x0) 5.

where 0 < r < 1 determines the electron (hole) ionizin
length. The multiplication can be easily computed after all thé
carriers exit the depletion width. The expressions for holes are
easily obtained by replacing, d. and g, with *, d,, and .,
respectively. The depletion width was discretized imto
suitable mesh to calculate €tl) ando*(f*). The simulation
was repeated until the multiplication value converges. THe
excess noise factor, F is given by %&kM>?,

The enabled ionization coefficientg(f*), were obtained 10.
from the local parameterized ionization coefficiendys")

1 1

i,—2de and —==-2d, 11
BB

using a simple correctioai*:
a «a
[16], where botha'(8") and d(dy) can be found in [18]The
simulations were done assuming a pure single carrier initiated
multiplication, ie. 442 nm illumination, using the electric field!3-
profile shown in Fig. 1. There appears to be good agreement
between the simulated multiplication and experimentallys,
determined values over a wide dynamic range, even in
thinnest devices where the dead space effect is significant,las
shown by the solid lines in Fig- Zo show this more clearly,
d/w in these devices is plotted in Fig. 5, where the dead-spdée
occupies an increasing fraction of the device width in the
thinner devices. Simulations of the excess noise also gawe
good agreement to the experimental results shown in4Fig.
(not shown). To show this more clearly, effective k (as define
by the Mcintyre model) is plotted against the nominal i region”
width, obtained from the experimental measurements and the
simulations as illustrated in Fig. 5. From this figure we can

12.
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