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Abstract: Avalanche photodiodes (APDs) with thin avalanche regions have shown low
excess noise characteristics and high gain-bandwidth products, so they are suited for long-
haul optical communications. In this work, we investigated how carrier injection profile
affects the avalanche gain and excess noise factors of AljgsGag 15AS056Sbg 44 (lattice-matched
to InP substrates) p-i-n and n-i-p diodes with total depletion widths of 145-240 nm. Different
carrier injection profiles were achieved by using light with wavelengths of 420, 543 and
633nm. For p-i-n diodes, shorter wavelength light produces higher avalanche gains for a
given reverse bias and lower excess noise factors at a given gain, compared to longer
wavelength light. Thus, using 420 nm light on the p-i-n diodes, corresponding to pure
electron injection conditions, gave the highest gain and lowest excess noise. In n-i-p diodes,
pure hole injection yields significantly lower gain and higher excess noise, compared to
mixed carrier injection. These show that the electron ionization coefficient, a, is higher than
the hole ionization coefficient, f. Using pure electron injection, excess noise factor
characteristics with effective ionization ratios, k,; of 0.08-0.1 were obtained. This is
significantly lower than those of InP and Ings,Alj4sAs, the commonly used avalanche
materials combined with Ing53Gag47As absorber. The data reported in this paper is available
from the ORDA digital repository (DOI: 10.15131/shef.data.5787318).
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1. Introduction

Optical fiber-based communication systems typically require high bit rate and long distances
between optical links. To detect weak optical signals at high bit rate, optical receivers in these
systems use high-speed avalanche photodiodes (APDs). The APDs are operated to provide
sufficient avalanche gain, M, which in turn increases the optical receivers’ signal-to-noise
ratios. The avalanche gain is the end result of successive impact ionization events taking
place in the avalanche regions of the APDs.

Due to stochastic nature of impact ionization events, avalanche gain values fluctuate
around a mean value, causing avalanche noise. Significant avalanche noise will negate, at
least partially, if not completely, the improvement in receiver’s signal-to-noise ratio brought
by the avalanche gain. Hence, practical APDs must not have avalanche noise that increases
rapidly with M. To characterize the avalanche noise, excess noise factors versus avalanche
gain characteristics, F(M), are commonly used. F' tends to increase with M and its rate of
increase is determined by the avalanche material, temperature, and width of the high field
region, w.

The dependence of F(M) characteristics on avalanche material has motivated researchers
to experimentally evaluate different avalanche materials. For optical communication, narrow
bandgap absorption layers, such as InGaAs, InGaAsP or InAlGaAs (grown lattice-matched to
InP substrates), are combined with a wider bandgap high field region that provides the
avalanche multiplication. Therefore researchers have assessed wide bandgap materials, such
as InP [1], Ings;AlgssAs [2], AlAsys6Sboas [3] and Al ,Ga,Asgs56Sboas [4] (grown lattice-
matched to InP substrates), for their suitability as avalanche materials for high performance
infrared APDs for optical communication. Avalanche materials lattice-matched to other
substrates have also been studied, for example In,Al; As,Sby, [5] (GaSb substrates) and
Al,Ga,_,As [6] (GaAs substrates).

Recently, Aly,Ga,Asgs56Sboas (X = 0.0 to 0.15) diodes with w ~110 nm were reported to
have F(M) characteristics better than those of InP and Ings,Aly4sAs [4]. Limited by
experimental conditions, they used mixed carrier injection conditions and found that the best
effective ionization coefficient ratio, k. for the experimental F(M) characteristics was ~0.1
for Al..Ga,Asgs56Sboss (x = 0.05 to 0.15). The data indicated that electron ionization
coefficient is larger than the hole ionization coefficient. Very small thermal coefficients of
breakdown voltage of 0.86-1.08 mV-K™' [7] and high gain-bandwidth products exceeding
400 GHz [8] have also been reported.
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Based on [4], we should expect pure electron injection condition to provide the lowest
possible F(M) characteristics for a given w. However effects of w and carrier injection profile
on F(M) characteristics of AljgsGag 15Asgs565bg 44 (lattice-matched to InP substrates) have not
been reported. In this work, we report a detailed experimental study on AlygsGag 15AS0.56Sbg.44
diodes, covering F(M) data of p-i-n diodes under pure electron injection and n-i-p diodes
under pure hole injection. Mixed injection conditions in p-i-n and n-i-p diodes were also
covered. In addition, the study expands the range of w in comparison to previous work.

2. Experimental details

The wafers used in this work are a series of four AlygsGag 15Asgs56Sbo4s (hereafter referred to
as AlGaAsSb) diodes. They consist of two p'-i-n” and two n'-i-p" diodes with nominal i-
region thicknesses of 100 and 200 nm. All four wafers were grown by Molecular Beam
Epitaxy on semi-insulating InP substrates. Epilayer details for the n-i-p diode wafers are
illustrated in Fig. 1(a). In each n-i-p diode wafer, the undoped i-region is sandwiched between
a top 300 nm n-AlGaAsSb and a bottom 200 nm p-AlGaAsSb layers. Heavily doped lattice-
matched Ings53Gag47As top and bottom layers are deposited to achieve good ohmic contact.
The p-i-n diode wafers have identical structures, except that the n- and p-layers are replaced
with p- and n-layers, respectively.
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Fig. 1. Cross-sectional schematic diagram (a) and top-view photograph (b) of devices
fabricated from the n-i-p wafers. (c) Example data of dark current, photocurrent, and deduced
gain, obtained from a PIN 1 diode with a radius of 110 pm.

The wafers were fabricated into circular mesa diodes of radii 60, 110 and 210 pm using
UV photolithography and wet chemical etching. The etchants used were solutions of citric
acid (C¢HgO5):hydrogen peroxide (H,O,) in a ratio of 2:1 for InGaAs and hydrochloric acid
(HCI):H,0O,:de-ionized water in a ratio of 5:1:50 for AlGaAsSb. Ti-Au metal contacts were
deposited onto the p” and n" InGaAs layers to provide ohmic contacts to the diodes. The
devices were passivated using SU-8 resist (from Microchem). To prevent side injection of
light that could generate an unintended mixed carrier injection profile, a layer of metal was
deposited on the SU-8 covering the mesa sidewalls as illustrated in Fig. 1. This is essential
when the light spot is large, such as when using an LED as the light source. Finally, to
increase the collection efficiency of photo-generated carriers (and hence the photocurrent) for
a given optical power of incoming light, the thickness of the top InGaAs cladding within the
optical windows was reduced by etching. Examples of the fabricated devices are shown in
Fig. 1(b).
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The devices were first characterized to obtain their forward and reverse dark current
versus voltage (/-V) characteristics. Most of the smallest diodes (60 pm radius) exhibited
noticeable series resistance in their forward /-V characteristics, likely caused by the small top-
metal contact area, so were excluded from subsequent F(M) measurements. The reverse /-
characteristics were used to indicate the breakdown voltage, ¥, and to select robust devices
for further measurements.

Capacitance-voltage (C-V) measurements were then carried out on the devices selected, to
provide essential data for extraction of F(M) (see below). C-V data from all the wafers, shown
in Fig. 2(a), were also modelled (assuming a constant doping in each of the p-, i-, and »n-
layers) to estimate values of w. Values of w obtained from C-V modelling are compared with
the corresponding nominal values for each wafer in Table 1. The calculated depletion widths
at 95% of the breakdown voltage are wider than the nominal w, indicating some depletion
into the p- and n- layers.

Table 1. Breakdown voltages, nominal w, and modelled w, capacitance at 0.95V, (for 110
pm radii diodes), and depletion width at .95V, of the four AlIGaAsSb wafers.

Wafer Vs (V) Nominal w Modelled w Capacitance at Depletion
(nm) (nm) 0.95V, (pF) width at
0.95V}, (nm)
PIN 1 11.0 100 87 23 160
PIN 2 15.9 200 170 15 240
NIP 1 10.6 100 98 26 145
NIP 2 15.9 200 193 16 225

F(M) measurements were performed using the setup described in [9]. The device-under-
test (DUT) was illuminated by a light source, which was modulated at a frequency ~180 Hz,
to produce modulated photocurrent flowing in the DUT. This photocurrent signal was
converted into voltage by a transimpedance amplifier (with gain of 2200 V/A), for avalanche
gain measurements. To obtain noise data, the modulated photocurrent signal was filtered by a
bandpass filter (8 to 12 MHz), before being measured by a power meter to give noise power.
Voltage signals from the transimpedance amplifier and the power meter were fed to lock-in
amplifiers. The output of the measurement is therefore a set of photocurrent and noise signal
values versus reverse bias.

The noise signal from the F(M) measurement setup can be affected by the DUT’s
capacitance, hence corrections were necessary to recover the real noise signal (capacitance-
voltage data obtained from the DUT were utilized for these corrections). As the DUT’s
capacitance increases, the correction procedure becomes less reliable, resulting in a practical
capacitance limit of 30 pF [10]. Data of F(M) presented here are therefore restricted to 110
um radii diodes to satisfy the requirement. Capacitance values at 0.95V, are shown in Table 1.

From the photocurrent data, M is given by the ratio of total photocurrent to unmultiplied
primary current. The latter is estimated from values of photocurrent at low bias, i.e. before the
onset of gain. Due to increased collection efficiency linked to the depletion edge movement,
photocurrent does increase slightly with reverse bias before the onset of gain. This effect was
accounted for using the method described by Woods et al. [11]. Example data (obtained from
a PIN 1 diode with a radius of 110 pm) for dark current, photocurrent, and deduced M are
plotted versus reverse bias in Fig. 1(c). Owing to absence of edge illumination (DUTs had
metal masks covering the mesa sidewalls), the avalanche gain data are unaffected by edge
breakdowns.

To obtain F(M), the noise data obtained from DUT were compared to shot noise measured
from a Si photodiode (BPX 65, from Centronic [12]) using the same setup and light source.
The light sources used in this work included two He-Ne lasers (wavelengths of 543 and 633
nm) and an LED (Thorlabs M420F2 [13], with an emission peak at 420 nm wavelength and
15 nm full width and half maximum). When used with the Si photodiode, these light sources
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produced shot noise that increases linearly with photocurrent, as shown in Fig. 2(b). Their
gradients are similar, indicating insignificant noise from the light sources, so they are
appropriate for accurate measurements of avalanche noise.
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Fig. 2. (a) Capacitance-voltage data of 110 pum radii diodes of the AlIGaAsSb wafers, (b) noise
signal versus photocurrent of a Si photodiode measured using different light sources, and (c)
dark current versus reverse bias of 110 pum radii diodes for all 4 wafers.

The different light sources were needed to generate different carrier injection profiles
(pure electron, pure hole, or mixed carrier) within the diodes. To estimate the carrier injection
profile for each wavelength, we estimated photon absorption coefficients at the three
wavelengths for AlGaAsSb, by interpolating data from the four binary compounds, namely
AlAs, AISb, GaAs, and GaSb, as in [4]. At wavelengths of 633, 543, and 420 nm, the
estimated absorption coefficients are 1.7 X 104, 5.8 x 104, and 3.0 x 10° cm™, respectively.
These correspond to 39.7, 82.4, and 99.99% of the incoming light being absorbed within the
top AlGaAsSb layer. The 420 nm wavelength light therefore produces pure electron injection
in the p-i-n diodes, and pure hole injection in the n-i-p diodes.

Note that carriers generated by photon absorption in the top InGaAs layer are excluded
from consideration. This is because large conduction and valence band offsets, such as those
between InGaAs and AlAsSb [14], are likely to also exist between InGaAs and AlGaAsSb in
our diodes, preventing carriers generated in the top InGaAs layer from reaching the depletion
region.

3. Results and discussions

The reverse I-V characteristics from the four wafers, shown in Fig. 2(c), exhibit an abrupt
increase in dark current, indicating dominance of avalanche breakdown. For a given wafer,
the values of dark current do not scale with device area, suggesting that at low biases, surface
leakage is not completely suppressed.

Data of avalanche gain versus reverse bias for all four wafers, obtained using the three
different wavelengths are compared in Fig. 3. The data (taken from 3 to 6 devices per wafer
per wavelength) are presented as mean values with error bars indicating the standard
deviation. For a given wafer and a reverse bias, M increases as the illumination wavelength
decreases in the p-i-n diodes, whereas the opposite trend is observed in the n-i-p diodes. In the
p-i-n diodes, as the wavelength decreases from 633 to 420 nm, the carrier injection profile
changes from mixed carrier injection to pure electron injection, producing larger M. This
strongly indicates that the electron ionization coefficient, a, is greater than the hole ionization
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coefficient, f, i.e. a > f, consistent with [4]. We noted, in particular, that the reduction in M
from mixed injection (using 543 and 633 nm), in comparison to pure hole injection (using 420
nm), is more pronounced in diodes with thicker avalanche regions.

Values of breakdown voltages are determined by extrapolating values of 1/M to 0, as
shown in Fig. 3 (right axis), giving V}, ~11.00, 10.6, 15.9, and 15.9 V for PIN 1, NIP 1, PIN 2,
and NIP 2, respectively. These breakdown voltages coincide with voltages where there are
abrupt increases in the dark currents in Fig. 2(c).

F(M) characteristics for all four wafers, again obtained using three wavelengths, are
shown in Fig. 4. In the p-i-n diodes, as the wavelength decreases from 633 to 420 nm,
eventually producing pure electron injection profile, the excess noise factor decreases. The
opposite trend is observed in the n-i-p diodes. These observations indicate that a > f,
consistent with the data in Fig. 3 and prior work [4].
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Fig. 3. Avalanche gain versus reverse bias characteristics of the four wafers, obtained using
wavelengths of 633 (®), 543 (V), and 420 nm (M). 1/M curves are extrapolated to zero to
extract V.
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To aid comparison, data obtained using the 420 nm wavelength light (i.e. those with pure
electron injection in p-i-n diodes and pure hole injection in n-i-p diodes) are fitted using the
expression [15],

F(M)=kelfM+(2—$j(l—ke[,.), (1)
where k. was used as adjustable parameter. Reasonable fits were obtained using k. of 0.1,
0.6, 0.08, and 1.3, for the PIN 1, NIP 1, PIN 2, and NIP 2, respectively. As expected from a >
B, the p-i-n diodes under pure electron injection conditions produced the smallest k. ~0.08
(best F(M) characteristics). The n-i-p diodes exhibited much higher avalanche noise. Hence,
when incorporating AlGaAsSb avalanche regions into SAM APDs, the designs should ensure
pure electron injection into the avalanche regions.

Before further F(M) analyses, it is worth recalling the following. The local impact
ionization theory by McIntyre [15] does not include the effects of deadspace, d, which is the
minimum distance traveled before a carrier achieves the ionization threshold energy to initiate
an impact ionization event. When d is insignificant compared to w, F(M) data obtained from
pure electron injection and pure hole injection will yield k.; and 1/k.4; respectively [15]. Our
F(M) data do not conform to this trend. For example, using 420 nm wavelength illumination
on PIN 1 produced F(M) data with k. = 0.1, whereas those of NIP 1 yielded k.= 0.6, much
smaller than 10 (the value expected from the local impact ionization theory). This deviation is
attributed to the effect of ionization deadspace in our diodes. Significant effects of non-local
impact ionization (in the form of ionization deadspace) in narrow avalanche regions have
been observed widely (see [16] for review).

Identifying the exact contribution of ionization deadspace to the excess noise
characteristics of our AlGaAsSb diodes is beyond the scope of this work. We can
nevertheless illustrate the effects of ionization deadspace on F(M) data, through calculations
of excess noise versus avalanche gain characteristics under pure electron and pure hole
injection, F,(M,) and F,(M,), respectively. The F(M) characteristics of hypothetical diodes
with f/o = 0.5 and d/w value varying from 0 to 0.3 are compared in Fig. 5. When d/w =0 (i.e.
absence of deadspace), F(M,) and F;(M;) correspond to Eq. (1) with k. of 0.5 (since f/a =
0.5) and 2.0 (inverse of 0.5), respectively. However, increasing d/w to 0.2 leads to
corresponding k. values of 0.2 and 0.8, deviating significantly from 0.5 and 2.0. Further
increase in d/w to 0.3 results in greater deviation from the local impact ionization theory, such
that k;= 0.1 and 0.5 for F(M,) and F},(M;), respectively. These k. values are close to those
from the experimental results of PIN 1 and NIP 1.
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Fig. 5. Calculated characteristics of F,(M,) (black symbols) and Fj,(M,) (red symbols) f/a =
0.5. Ratios of deadspace to avalanche width used are 0, 0.1, 0.2, and 0.3.

For APD design purposes, assuming that the preferred carrier type is injected, the
dependence of k. on the APD’s high field region width is of great importance. As w
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decreases, two key factors influence k. changes. These are (i) more significant ionization
deadspaces (discussed above), and (ii) more similar ionization coefficients. The desirable
effect of ionization deadspaces (reducing excess noise factors) is usually more pronounced in
narrow APDs, because the deadspaces now occupy a larger portion of the high field region
[16]. On the other hand, compared to wide APDs, narrow APDs operate at higher electric
fields, where values of a and f are more similar, increasing excess noise factors.

The competing effects of (i) and (ii) lead to a local maximum for excess noise
characteristics in the material InAlAs [2], as shown in Fig. 6. In InAlAs, for w > 0.5 um, the
excess noise increases as w decreases, because it is dominated by (ii). For w < 0.5 um, (i)
becomes dominant, reducing excess noise as w decreases. Our F(M,) data for PIN 1 and PIN
2 share the same trend, indicating that their ionization coefficients are sufficiently dissimilar.
For NIP 1 and NIP 2, the consideration is simpler, because both factors serve to reduce excess
noise factors, resulting in a lower k., in NIP 1 than in NIP 2. Note that when injecting the
less-readily ionizing carrier type (holes in the case of AlGaAsSb), as w decreases, more
similar ionization coefficients reduce excess noise. For example, assuming zero ionization
deadspace, if o/ = 0.5, the F(M,) data will yield k= 2.0. As o/f approaches unity, k; will
also approach unity, leading to reduced F,(M,,).

The excess noise factor values at avalanche gain ~10 from this work are compared with
relevant work based on other avalanche materials in Fig. 6. These include InP, Ings,Alp 4gAs,
and AlAs s¢Sby 44, which are lattice-matched to InP substrates. Two other avalanche materials
that exhibit low avalanche noise when sub-micron avalanche regions are used, Si and
Algslng;Asy3Sby 7, are also included. Care was taken to select the best possible excess noise
factor for a given avalanche material, e.g. F}, for InP and F, for Si. Observing Fig. 6,
AlGaAsSb diodes of this work produce excess noise factors that are competitive with
AlAs 56Sbg 44 and Al 3Ing 7As03Sbg 7.
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Fig. 6. Comparison of excess noise factors at avalanche gain ~10 of avalanche diodes made
with AlGaAsSb (this work), AlAsSb [3], AlysIng;Aso3Sbo7 [5], InAlAs [2], InP [17], and Si
[18].

4. Conclusion

Avalanche gain and excess noise factor were measured from a series of Al gsGag 15AS0.565b0.44
avalanche photodiodes with high field regions width from 87 to 193 nm. Compared to pure
electron injection, mixed carrier injection produced lower avalanche gain at given reverse
bias and high excess noise factor at a given avalanche gain. Hence, electrons impact ionize
more readily than holes, i.e. « > f, in this material. The lowest excess noise characteristic
measured corresponds to k,; of 0.08, lower than the best values for InP, Ing sAly 43As, and Si.
This property, along with the high achievable gain, and low dark current values, makes
AlygsGaysAsgs6Sbo44 a suitable material to replace InP and InAlAs avalanche layers in
optical communication APDs.



Research Article Vol. 26, No. 3 | 5 Feb 2018 | OPTICS EXPRESS 3576

Optics EXPRESS

Funding

This work was supported by the UK Engineering and Physical Sciences Research Council
(EP/K001469/1) and the European Union H2020 Marie Sktodowska-Curie Actions (H2020-
MSCA-ITN-2014-641899).





