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ABSTRACT

A modification to the random path length technique (RPL) with a hard-threshold dead space (Ey,) is demonstrated to be able to calculate
the electron initiated avalanche multiplication (M,) and excess noise (F,) in GaAs p*—i-n" structures with n- and p-type background doping
levels up to 1 x 10" ¢cm™ in the multiplication region. This model’s M., F., and position dependent ionization probabilities are compared
with the results obtained from a multi-valley analytical band Monte Carlo model, enabling us to quantify how the ionization process is affected
when the electric field changes rapidly. The RPL results for M, show excellent agreement with the Monte Carlo model, suggesting that the
simple hard dead-space correction to the ionization probability distribution function works as well with a varying electric field up to 1400
kV/cm/pm as in a constant electric field and that the “history dependence” effects of a varying electric field are not very significant once the
initial carrier dead space is allowed for. The modified RPL F, also agrees well with the Monte Carlo model for p*-n~-n" structures; however,
it is underestimated for p*-p~-n" structures. This is attributed to the hard dead space of the feedback carriers having a disproportionate effect
on the variance in the multiplication.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0326874
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. INTRODUCTION

An accurate determination of the performance of avalanche
photodiodes requires knowledge of the mean multiplication, (M),
2
oy
of the multiplication, M, in turn requires knowledge of the elec-
tron (a) and hole (B) ionization coefficients, which are usually
defined as functions of the electric field. It is well known that car-
riers need to gain energy from the electric field before they can
undergo impact ionization, and consequently, it is not always pos-
sible to simply attribute values of a and f3 to the local electric field
at a particular position in a structure.! There have been various
attempts to account for this “dead-space” region, where no ioniza-
tion occurs, in both analytical”® and Monte Carlo based numerical

for the excess noise, F. The determination

for the gain and

models’ '’ used to determine M and F in APDs. The effect of this
dead space on the ionization coefficients and, hence, multiplication
is not very significant at low electric fields, where the mean distance
between ionization events is large compared to the distance carri-
ers travel to gain the ionization threshold energy (Ey)."'" At high
electric fields, the mean ionization distance decreases almost expo-
nentially and starts to approach the dead space distance,'” so in thin
avalanching structures, the dead-space results in a suppression of
the multiplication'>'* and, more importantly for avalanche photo-
diodes (APDs), a reduction in their excess noise.'” The conventional
excess noise model by Mclntyre'® assumes that the electron and
hole ionization probability distribution functions (PDFs) are perfect
exponential functions, and this gives rise to the relationship relating
the F to the B/a ratio. The presence of dead-space, however, results in
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displaced exponential PDFs that no longer follow the usual McIntyre
expression. Hayat et al. came up with a technique using coupled
integral equations that allowed the incorporation of a dead space
into the ionization PDF to calculate the M and F. Ong et al.'” came
up with an alternative way of incorporating the dead space while
solving these equations numerically using randomly generated ion-
ization path lengths that gave essentially identical results. The M and
F are calculated using this Random Path Length (RPL) technique
from the average of many individual multiplication trials (>50 000).
These techniques have been used successfully to model the behavior
of different thickness p-i-n and n-i-p diodes down to 50 nm;'” how-
ever, they have hitherto been limited to structures where the electric
field in the multiplication region is constant. In many real devices,
the presence of even modest unintentional doping in the high field
multiplication region results in a varying electric field, such that, in
addition to the dead space, there may be issues related to the “history
dependence” of the ionization process due to the electric field gra-
dient. Quade et al.'® showed from hydrodynamic modeling that
the ionization coefficients in heavily doped p—n junctions are differ-
ent from those given by the local electric field. Hydrodynamic and
energy-balance models,'” however, require knowledge of the carrier
temperature or energy and are, therefore, difficult to use. Plimmer
et al”® and Mun et al.’! investigated the effect of a varying electric
field on M and F using a simple Monte Carlo (SMC) model where
only one conduction and one valence band were used. This SMC
model, however, does not capture the true high field behavior of car-
riers and is also relatively complicated to use. McIntyre suggested
in 1999'¢ that when the electric field varies with distance, the local
electric field at a particular position may not represent the carrier
ionization behavior, and the history dependence of its previous tra-
jectory needs to be considered. This “history” dependent model was
used successfully to replicate the M and F behavior in thin structures
but only with a constant electric field by Yuan et al.*

In this work, we explain how the RPL model can be modified to
enable it to simulate the impact ionization process in a varying elec-
tric field while still incorporating a hard dead space. Furthermore,
we compare M, and F, in GaAs p-i-n diodes with different levels of
doping and, therefore, electric field gradients made with this modi-
fied RPL model (hereafter the MRPL model) with an experimentally
benchmarked analytical band Monte Carlo model for GaAs. The
results suggest that while M, between models agrees well for dop-
ingup to 1 x 107 cm ™ in the multiplication region, as does F, for
the p*-n~-n" structure, F, given by the MRPL for the p*—p~-n" is
increasingly underestimated due to a lower feedback of carriers with
a hard dead space.

The experimental ionization coefficients in GaAs covering a
wide electric field range have been determined by Plimmer et al.,”
and Ong et al.'? used a three valley analytical band Monte Carlo
model to fit to this experimental data. In doing this study, using a
full band Monte Carlo model’* would allow the physics of the ion-
ization process in GaAs to be undertaken more accurately; however,
this would be extremely time consuming. Simpler analytical band
Monte Carlo models,'” while faster and capable of replicating the
mean jonization path lengths, would not capture the complex man-
ner by which carriers gain or lose energy as they scatter between
the different valleys and bands. This is especially true for electrons,
where the ionization process occurs in the second (or higher) con-
duction band.”* Consequently, we have used a modified analytical

pubs.aip.org/aip/adv

Monte Carlo model””> (MAMC) to describe the electron ionization
behavior. In this four-valley model, the first conduction band con-
sists of three non-parabolic valleys, I's, Ls, and X, while the second
conduction band is approximated by a single valley representing that
at X7 A hard threshold energy of 6 eV is set for ionization in this
band. This is capable of replicating the mean and the PDFs of elec-
tron impact ionization path length, energy, and time, as well as the
transient drift velocity, at electric fields up to 900 kV/cm, in good
agreement with full band MC models.”* The hole transport was dealt
with by having an analytical approximation of the first three valence
bands, namely, heavy hole, light hole, and spin split-off bands. This
model is capable of replicating the ionization behavior accurately
for electric fields up to 700 kV/cm, as shown by a comparison with
the experimental data of Plimmer et al.”* in Fig. 1(a), while being
computationally more efficient.

The ionization coefficients obtained from the MAMC have
been parameterized into Chynoweth equations [Egs. (1) and (2)] for
« and f and used as an input to the MRPL model to determine M
and F as a function of electric field (g),

677 x10° "
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€

700kV
when & < ,

“ (670 10°\ @
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&
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For the purposes of this paper, we will consider a 1 ym thick
p-n(p)”-n* GaAs structure with different levels of n(p)-type dop-
ing and with the p* and n* cladding doping levels set to 1 x 10"
cm™>, as shown in Fig. 1(b), thereby avoiding complications due to
ionization in the depletion region of the cladding layers. The orig-
inal RPL model'” was developed for the situation when the electric
field was constant in the high field multiplication region, so the shape
of the ionization PDF was identical irrespective of the starting posi-
tion within this multiplication region. In the hard dead-space model,
impact ionization can only occur after a carrier gains at least the
ionization threshold energy (E;,). The probability for an electron to
impact and ionize for the first time after traveling a distance x in a
constant electric field, P, ), is given by Eq. (3) from Ref. 17 as

0,x<d),
P, = 3
() {(x* exp [—oc*(x—d:)],x>d; 3)

where o is the ionization probability per unit distance after the
dead-space, given by’
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FIG. 1. (a) GaAs impact ionization coef-
ficients for electrons (a) and holes (B)
reported by Plimmer et al.2* and com-
pared with o and B from the modified
analytical MC model. (b) A schematic
diagram of the electric field profile in a
1 um thick p*—i——n™ GaAs structure
with p* and n* cladding doping levels
set to 1 x 10" cm=3 and n(p) type
doping of 1.5 x 106 cm=3.
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1
= 4
a1 )
and the electron hard threshold dead-space, d;, is given by
E*
dr == 4b
2€ (4b)

where g is the electronic charge and £ is the electric field.

From Eq. (3), the probability that a carrier has traveled a
distance x without producing an electron-hole pair (the survival
probability) becomes

5.(%) Lx<dy, )
el X) =
exp [-a"(x—d})]x>d;,

where P, (x) and S, (x) are shown in Figs. 2(a) and 2(b), respectively,
by the dashed green lines. In Fig. 2 and subsequent diagrams, the p*
region is assumed to be at the left of the figure with electrons injected
atx =0 pm.

00 02 04 06 08 10 12

Depletion width (um)

The injected electron impact ionizes at position x = I, and a
random electron ionization path length [, can be generated by sub-
stituting a uniformly distributed random number r between 0 and 1
for Se(x) as

odr - () ©)
4

Secondary carriers (one electron and one hole) are generated. A
new random number will be generated independently for the orig-
inal carrier and the two newly generated carriers to determine
their respective ionization path lengths using Eq. (6). Electrons and
holes continue to repeat this process independently, and the total
number of ionization events within the multiplication region is
recorded until the ionization process finishes. The multiplication is
determined by taking the average of at least 50 000 trials.

These equations need to be modified when there is an electric
field that varies with distance, and the ionization PDF has to change
shape from a simple exponential in such a situation. We look at the
case when the electron (hole) ionization threshold energies, Ey(y)
= 3 eV, are in the presence of a doped multiplication region. For
the sake of simplicity and to demonstrate the concept, we assume a
constant doping and, therefore, a linearly varying electric field in the

6 500 1.0 500

) a) W< b)

3 . W\ N

2 [~ R IR NN [

g 4 I\ :E: '—'g: \ N :E: FIG. 2. (a) Probability density function
B I \ [300 5 -8 06 1 300 (PDF) for electrons injected at x = 0 with
23 4 o g N ~ N & Ep = 3 eV (dashed lines) at M, ~ 10:
B 2 N N = for p*—i-n*, red for p*-n=—n*
2 \ i ¥ | | green for p*—i-n*, red for p ,
3 5 | 200 uq;) = 0t \\_\ 200 c% and blue for pt-p=—n*. (b) Surviv-
> Ir~ ., m E - = ing probability for electrons injected at
&= - — > 5 _

= Il \\ -~ ~ 100 2 02 4 L 100 x=0 W|th.E,,,e =3 e\i (('iaslled lines)
E 1 I /3\ T~ —~——— at M ~ 10: green for p*—i-n*, blue for
S T ~- - pt=p~=n*, and red for p*-n—-n*.
SR | . — e 0.0 : , . ; 0
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multiplication region. Still assuming a hard dead space, the electron
dead space, d, is now given by

d;
Ey (x)=¢q- _[x E(x)dx. (7)

The threshold energy is calculated by integrating the total amount
of energy an electron acquires while traveling in the varying electric
field. The dead space distance will be different for different starting
positions, xo, of the initiating carrier due to the varying electric field,
whereas in previous cases, the electric field is constant across the
multiplication region so that the dead space distance is also constant.
Equation (1) now becomes

0,x<d,,
Pe(x) = o (x')-dx’ (8

,f"
(x*(xo +d§)- exp x> d,

where a” is the ionization probability per unit distance after the dead

—[xx . a*(x')-dx'
space, and exp = % , describes the probability of a carrier

getting to this position without having previously ionized.
The survival probability (S.) that a carrier has traveled a
distance x without producing an electron-hole pair becomes

1,x < d:,

Se(x) = 1- /x P.(x)dx,x > d; ©)
x(Hd:

. i et ()
Se(x)=1- f oc*(xo + d:) exp fx‘”'ic* o () dx, (10)
x0+d:
NN,
Se(x) = exp fx"*de* (s for x> d,. (11)

In this case, a random electron ionization path length, I, can be gen-
erated by substitution of a uniformly distributed random number r
between 0 and 1 for Se(x) in Eq. (11). Therefore,

Se(x) =7 (12)
and

= Ziw* a(x)Ax =—-In (r) for x>d,. (13)

With a varying electric field profile, the mean ionization path length
not only depends on the current position of a carrier but also on the
subsequent electric field profile, as a changes with the electric field.
Similar arguments apply for holes by substituting Pj,(x), S,(x), and
I in the equations above.

Having an n-type multiplication region doping level of
1.5 x10"® ¢cm™ and with an applied bias of 31.37 V (corresponding
to M, ~ 10) results in a linearly decreasing electric field with dis-
tance [the solid red line in Fig. 2(a)], and the exponentially decaying

pubs.aip.org/aip/adv

PDF of an electron injected at x = 0 is modified to that shown
by the dashed red line. Figure 2(b) shows the survival probability
(Se) of this electron injected at x = 0 traveling across the mul-
tiplication region without ionizing. Similarly, Figs. 2(a) and 2(b)
also show the ionization PDF and survival probability S, of a car-
rier injected at x = 0 for a multiplication region with a p-doping
level of 1.5 x10'® cm™, with a similar applied bias of 31.58 V
(M. ~ 10), which gives the opposite electric field gradient (the solid
blue line). The electron ionization probability and the survival prob-
ability in this case appear very different from those of the n-type
doping, as shown by the dashed blue lines in Figs. 2(a) and 2(b),
respectively.

The ionization PDF and survival probability for carriers created
at an arbitrary point in the multiplication region are simply calcu-
lated by using Eqs. (4)-(6) and (8) and replacing xo by their new
starting position. Unlike in the case of a constant electric field in
p-i-n’s, the shape of the ionization PDF and the survival probability
will be different depending on the position from which the electron
starts in the high field region. Using this technique, the MRPL model
can be used to generate the mean multiplication and excess noise in
p -n(p)-n" structures for multiplication due to electrons injected at
x =0.In order to test how well this MRPL model works with a rapidly
varying electric field, we compare simulations of the multiplication
and excess noise in p*-n(p)-n* structures with different levels of
doping (and therefore electric field gradients) obtained using the
MAMC model.

Il. RESULT

Figures 3(a) and 3(c) show that M, from both models is sim-
ilar for doping levels up to 1 x10' cm™ in both p*-n"-n* and
pT-p~-n" structures. Also shown by dashed lines is M. given
by a purely local model simulation where dead space effects are
ignored. It is clear that a local model increasingly overestimates M.
and underestimates the breakdown voltage as the doping increases.
Figure 3(b) shows that F. vs M, is also very similar between the
MRPL and MAMC models for all the doping levels investigated in
the p*-n"-n" structures. However, Fig. 3(d) shows that Fe vs M,
is underestimated by the MRPL model compared to the MAMC
model for the p*—p~-n* model and that the difference increases
with increasing doping. F. given by the local model and shown by
the colored dashed lines in Figs. 3(b) and 3(d) is overestimated due
to ignoring any dead space effects and is simply given by the S/«
ratio.'®

In order to better understand the reason for the results shown
in Fig. 3, a series of p*-n"-n* and p*—p~-n" structures were simu-
lated with n-type (p-type) doping levels of 1.5 x 10'%, 5 x 10'%, and 1
x 10" cm™. Electrons were injected at x = 0 yum for applied volt-
ages and their corresponding electric field profiles [shown by the
dark green solid lines in Figs. 4(a)-4(f)] that would give M. ~10
with the MRPL. Note that at the higher doping levels, the doped
1 ym multiplication layer is not necessarily fully depleted. For each
injected electron, the position where all electrons and holes ion-
ize for these electric field profiles is logged, and the average of
50000 trials is undertaken in the MRPL model and 200000 trials
for the MAMC model. From these, a normalized position depen-
dent ionization probability density (IPD) in the devices can be
obtained for electrons (dotted red line) and holes (dotted blue line),
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as shown in Figs. 4(a)-4(f). We define this IDP as the total number of
electron-initiated ionization events at position x divided by the total
number of electron-initiated ionization events for M, ~ 10. A sim-
ilar simulation was then done with the MAMC model, and Fig. 4
also shows the normalized position dependent IPD for electrons
(red solid lines) and holes (blue solid lines). The MAMC model is
capable of dealing with non-equilibrium transport and so would be
expected to replicate the spatial ionization behavior of electrons and
holes accurately, even when the electric field changes rapidly with
distance. Figure 4 shows that these normalized IPDs are very sim-
ilar between the MRPL and MAMC models for the relatively low
doped p*-n(p)-n" structures with a doping of 1.5 x 10" cm™,
but differences, which get progressively larger, start to appear as
the doping increases. For the 1 x10" cm™ doped p*-n-n" struc-
ture shown in Fig. 4(c), we can see that the electron IPD from the
MRPL (red dotted line) peaks earlier and terminates earlier than that
from the MAMC. This is attributed to the hard threshold dead space
assumption in the MRPL model. Not only do the electrons starting at

X O XPXTLIEN RETFERRRVIVIRIRT TPVIvIIS

10 15 20
M

x = 0 have an initial dead space, but electrons created at or beyond
~0.38 ym also cannot gain E,, from the electric field to initiate any
further impact ionization. The electron IPD from the MAMC model
(red solid line) has a lower peak value, which is displaced slightly fur-
ther along, but the soft threshold energy implicit in the model allows
electrons to ionize close to the far end of the depletion region, even
when the electric field is low. The hole IPDs (blue dotted and solid
lines) are qualitatively similar between the models. Despite these dif-
ferences in the electron IPD, both M, and F, are similar between the
models, as shown in Fig. 3. For the p*—p~-n" structure with 1 x10"
cm™ doping shown in Fig. 4(f), the biggest difference between the
models is in the hole IPD. For electrons injected at x = 0 ym, holes
are unable to ionize between 0.47 and 0.52 ym in the MRPL com-
pared to the MAMC, where holes are ionizing much closer to the far
depletion edge. Furthermore, holes in the MRPL also cannot ionize
between 0 and 0.15 ym, as they cannot gain Ey;, in the low electric
field region compared to holes created in the MAMC model. This
overestimation of the dead space for feedback holes is responsible
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FIG. 4. Probability density of ionizations at different positions for electrons injected at x = 0 with Eye = 3 eV and Eyy, = 3 eV at different n type doping levels of (a) 1.5 x
108, (b) 5 x 10", and (c) 1 x 10" and different p type doping levels of (d) 1.5 x 106, (e) 5 x 10, and (f) 1 x 10'7. The green solid lines are electric fields for M ~ 10

from MRPL. Red and blue dotted (solid) lines are MRPL (MAMC) results for electrons and holes, respectively.

for the reduction in excess noise seen. The excess noise in APDs
depends on the variance in M and depends critically on the vari-
ance in how the feedback carrier ionizes. The feedback by holes in
the p*-p~-n" MRPL case is constrained to the central part of the
structure, and this directly reduces the variance in the M that we will
obtain, consequently reducing F. As the doping increases, the dead-
space region at either end of the depletion region becomes more
important for the feedback carrier and so reduces the excess noise.
To confirm this, the hole ionization was set to zero in both models,
and the new results of F are also shown in Figs. 3(b) and 3(d) for the
1.5 10" and 1 x10"7 cm™ doped cases. F is < 2 due to § = 0 and
the dead space effect, but the results are much more similar once
we remove the variance in M from feedback carriers between the
models.

The hard threshold MRPL will have this limitation with feed-
back carriers ionizing more deterministically in p*-p~-n* struc-
tures, especially as both carrier types have similar ionization coef-
ficients in GaAs. This effect would become less important for
M, and F, in small f/a materials such as silicon”® or recently
reported Sb based alloys.'"”’~* The incorporation of a soft thresh-
old energy into the MRPL model would improve the determination
of Fe in p"—p~-n" structures but at the expense of some increased
complexity in the model.

lll. CONCLUSION

A modification to the random path length technique (MRPL)
incorporating a hard-threshold dead-space energy is demonstrated
to be able to calculate the electron-initiated avalanche multiplica-
tion factor (M.) and the corresponding excess noise factor (F,) in
GaAs p*-i-n" structures even when the intrinsic doping level is as
high as 1 x 10" cm™ within the multiplication region. By compar-
ing the results with a multi-valley analytic band Monte Carlo model,
we show that good agreement is obtained for M, with both n-type
and p-type background doping; however, F. given by the MRPL for

pt-p~-n" is underestimated due to the lower feedback of holes with

a hard dead space.
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