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Abstract—For Geiger-mode avalanche photodiodes, the two
most important performance metrics for most applications are
dark count rate (DCR) and photon detection efficiency (PDE).
In 1.06-pum separate-absorber-avalanche (multiplier) InP-based
devices, the primary sources of dark counts are tunneling through
defect levels in the InP avalanche region and thermal generation
in the InGaAsP absorber region. PDE is the probability that a
photon will be absorbed (quantum efficiency) times the proba-
bility that the electron-hole pair generated will actually cause an
avalanche. A device model based on experimental data that can
simultaneously predict DCR and PDE as a function of overbias
and temperature is presented. This model has been found useful in
predicting changes in performance as various device parameters,
such as avalanche layer thickness, are modified. This has led to
designs that are capable simultaneously of low DCR and high
PDE.

Index Terms—Avalanche photodiodes, Geiger-mode avalanche
photodiodes, photodiodes, semiconductor device modeling, single-
photon detection.

1. INTRODUCTION

EIGER-MODE avalanche photodiode arrays are re-
Gceiving increased interest for a number of photon
counting applications, including astronomy, three-dimensional
laser radar (LADAR) [1]-[4] and photon-counting optical com-
munication [5], [6]. In Geiger-mode operation, the avalanche
photodiode is biased above breakdown. This is a metastable
state since the generation of an electron—hole pair, either ther-
mally or through absorption of a photon, can cause the diode
to break down. Breakdown produces a rapid rise in current,
which ultimately becomes limited by series resistance and
internal space-charge effects. Since the Geiger-mode APD is
initially biased a few volts above breakdown, the breakdown
event produces a large signal swing, which can directly drive
CMOS digital logic [1], [2]. This is an important attribute of
these devices and has allowed the development of Geiger-mode
arrays bonded directly to readout integrated circuits (ROICs).
The ability to make arrays and read them out at high data rates
is important for both LADAR [1]-[4] and optical-communi-
cations applications [5], [6]. The use of an all-digital readout
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reduces power, and makes the technology more easily scalable
to large array sizes than competing technologies, which employ
linear-mode APDs or photomultiplier tubes.

Geiger-mode devices can be characterized by two major pa-
rameters: photon detection efficiency (PDE) and dark count rate
(DCR). Since the digital readout of Geiger-mode devices is es-
sentially noiseless, noise in Geiger-mode APDs is associated
with dark counts (false ones), due to thermally generated car-
riers or tunneling current in the APD or optical background pho-
tons, and false zeros, which arise from less than perfect detec-
tion of incident signal photons. This concept of noise differs
from the “excess noise” [7] of linear-mode APDs, which de-
pends on the ionization coefficient ratio [8]. The ratio of ion-
ization coefficients does play a role in the Geiger mode, in that
it affects the probability of avalanche and, therefore, the prob-
ability of detection, as a function of overbias. For improving
Geiger-mode APD performance, reducing the DCR without de-
grading PDE is extremely important and can be affected by de-
vice design, material quality and operating parameters. As will
be shown, PDE can be increased to quite high values by in-
creasing overbias while still maintaining acceptable DCRs.

In this paper, a self-consistent model based on fits to experi-
mental data on appropriate test structures is developed and used
to predict performance of 1.06-yum InGaAsP-InP Geiger-mode
APDs. The major sources of dark current responsible for dark
count rates in devices designed for 1.06-pum operation will be
discussed and ways of minimizing them presented. Probability
of detection will then be discussed, along with optimization of
device parameters for low DCR and high PDE. For many appli-
cations, other parameters, such as turn-on jitter and reset time,
must also be considered. Reset time is especially important for
laser communications. It is the time the APD bias voltage must
be held below breakdown after it has fired to avoid afterpulsing
[9]-[12]. These parameters with possible tradeoffs required to
meet overall requirements for a particular application will be
treated in other publications.

II. DEVICE STRUCTURE

The APD structure is schematically shown in Fig. 1. It is
essentially an inverted mesa structure with separate absorber,
grade, field-stop or charge layer, and avalanche (multiplier) re-
gion. A structure of this type is often referred to as a SAM or
SAGCM structure. Since tunneling is an issue in these devices,
a field-stop layer is employed to control and minimize the peak
fields in various parts of the APD. With an inverted mesa, the
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Fig. 1. Schematic of 1.06-um wavelength InGaAsP-InP Geiger-mode
avalanche photodiode.

slope of the sidewalls in the high-field regions is used to sup-
press edge breakdown.

The APD structures were grown by organo-metallic vapor
phase epitaxy on (100) InP substrates. As discussed below, we
have used p*-, n*-, and n~-InP substrates. A two step pT-InP
layer is grown first to serve as the p-side of the junction. The
lower part is 1.5-um thick and has a doping of 2 x10'® cm™3,
while the upper part is 0.5-pm thick and has a doping of
1 x10'® cm™3. The nominally undoped InP avalanche region
of thickness W 4(0.8-2.0 um) is grown next and has a n-type
concentration < 10'® ¢m™3. This is followed by a heavily
doped nt-InP (Nps = 3.5-7.0 x 10'7 cm™3) field stop layer
of thickness Wrg. The NysWrg product is chosen so that: 1)
the absorber layer is fully depleted before breakdown at the
lowest temperature of operation and 2) the maximum field in
the absorber is < 1.0 x 10° V/cm at the maximum overbias
at the highest temperature of operation. The first criterion
assures that photo-carriers generated anywhere in the absorber
are swept quickly to the avalanche region reducing jitter. In
Geiger-mode operation, it is not absolutely essential to have the
absorber fully depleted at breakdown, but only at the operating
overbias. To obtain consistent comparisons of DCR and PDE
between different structures as functions of temperature and
overbias, we have restricted this paper to devices in which the
absorber is fully depleted at breakdown. The second criterion
minimizes any field-enhanced dark current in the absorber. A
50-nm-thick compositionally graded InGaAsP layer is then
grown to facilitate transfer of photo-generated holes from
the absorber to the avalanche region. The nominally undoped
InGaAsP absorber (n < 105 cm~3) of thickness Wy,¢ (nom-
inally 1.5 pm) is then grown. This is followed by an n™-InP
layer and a 10-nm-thick n*-InGaAs contact layer.

Following mesa etching, polyimide passivation is applied and
ohmic contacts made to the top of the mesa. For top illumi-
nated devices, an annular contact is used, while for back-illu-
minated devices a circular-disk contact is used. Anode contacts
are either made to the back of the substrate or on the top to the
etched pT-InP layer. For back-illumination, wafers are thinned
to 150 pm and antireflection coatings applied. In this case, cir-
cular openings in any back metal are left under each APD.

We started by investigating top-illuminated devices and em-
ployed p*-InP substrates with back metallization [13], [14].
Back-illumination allows for smaller diodes and bump bonding
of arrays directly to ROIC readouts [1]-[4], [6]. Because the
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pT-InP substrates were very lossy (= 30 cm~1), we switched to
nT-InP substrates, which had significantly lower loss. N T-InP
substrates were originally chosen over even lower loss n™- or
iron-doped substrates because: 1) highly doped substrates have
orders of magnitude lower etch pit densities and there are anec-
dotal data that indicate leaky or shorted diodes are often asso-
ciated with dislocations and 2) some ROICs that were being
used required back anode contacts and the nt-substrates al-
lowed for a tunnel or backward junction between the p*-buffers
and the substrate and also reduced series resistance and elec-
trical crosstalk between diodes in an array. For some arrays,
anode contacts are now being made on and brought out from
the top of the wafer. Since the use of n™-substrates for back-il-
luminated devices can reduce substrate losses to insignificant
values, thereby increasing PDE, we have begun investigating
the use of n~ as well as nT-substrates. To date, the yield on
small arrays seems acceptable. Additional information on the
focal-plane array concept with the APD array directly bump
bonded to CMOS ROICs, including the operation of the pixel
elements, can be found in [1], [4], and [6].

III. IONIZATION COEFFICIENTS

Both breakdown voltage and probability of avalanche above
breakdown depend on the ionization coefficients in the InP
avalanche region. There are numerous reports of InP ionization
coefficients in the literature [15]-[20], all of which show a
higher ionization coefficient for holes than electrons. Most
of these were measured on InP p-n junctions designed to
allow both pure hole and electron injection into the high field
region. The ionization coefficients were then derived from
the measured photocurrent gain and the known electric-field
profile versus voltage (below breakdown) and the breakdown
voltage in the structure. Unfortunately, there is not a great
deal of agreement between the reported results, besides which
ioization coefficient is higher, indicating the difficulty of de-
termining these coefficients. In addition, the measurements
were generally carried out only at room temperature. Because
of these inconsistencies and because none of the published
ionization coefficient pairs were consistent with the breakdown
voltages measured on their devices, Zappa et al. [21] proposed
a quasi-physical model [22], [23], which explicitly contained a
temperature dependence for the ionization coefficients.

We had similar difficulties fitting our room-temperature data
to any of the published ionization coefficients. In addition to
obtaining a best fit to breakdown voltage, we also attempted
to fit the DCR and PDE as a function of overbias as discussed
below. The ionization coefficients model we selected uses an-
other quasi-physical model [24], with several adjustable param-
eters. The selected ionization coefficients used to obtain a best
fit to data were for holes

F Eunn
J(F,T) = _ -
AET) B P < (FA)2/(3Epn) + Fap + kT>

3.

where F' is the field in volts per centimeter, k£ is Boltz-
mann’s constant in electron volts, 7' is the temperature in
degrees Kelvin, F;,_p = 1.45 eV, A\, = 5.38 X 10~7 cm
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tanh(Epo_h/ZkT), Ep_h = EpO_h tanh(Epo_h/2kT), and
E,0_ 5, = 36 meV, and for electrons

F Eth_e
FT)= —— —
(B T) = 7 — exP( (F/\e)2/(3Ep_e)+F)\g—|—kT>
(3.2)
where Fy . = 1.60 eV, A\, = 4.73 x 1077 cm *
tanh(Epo_/2kT), E, .. = Epo_tanh(Ey /2kT), and

E,y . = 46 meV.

In our calculations, we assume that the coefficients are de-
pendent only on field (i.e., we ignore acceleration or dead space
effects [25]-[28]), since we will be dealing with very wide
avalanche regions in which the field is fairly constant). These
ionization coefficients have an explicit temperature dependence
and are easily adjustable up and down by making small changes
in the mean free path parameters \;, and A.. They in fact can
be made to fit fairly accurately most of the published ionization
coefficients.

To compare the predictions of the different ionization coeffi-
cient pairs, for the structure illustrated in Fig. 1, we computed
the breakdown voltage and the probability that a hole injected
into the high field region from the absorber causes a breakdown
event when the diode is biased above breakdown. This proba-
bility of avalanche (PA) is discussed more fully in Section IV.
Results of these calculations using the above ionization coeffi-
cient models and several ionization coefficient pairs published
in the literature are plotted in Fig. 2. The nominal structure
used in the calculations had a 1.0-um-thick avalanche region,
a 50-nm-thick graded layer, and a 1.5-pm-thick absorber re-
gion. The field stop had a carrier concentration of 7 x 107 cm—3
and a thickness of 38 nm. For these calculations, the field at the
beginning of the field-stop region was recursively iterated and
the field at each point calculated until the breakdown ionization
integral

Bl = /0 " () exp ( /0 "B - a(x'))dl") dr  (3.3)

was equal to one [7]. Here = 0 corresponds to the beginning
of the field stop layer and W = Wgs + W4 + W, is the edge
of the depletion layer in the p*-InP.

Small increments in the field at the beginning of field-stop re-
gion were then made to simulate overbias and, for each step, the
field at each point calculated. The field at each point was needed
not only to calculate the ionization integral, but to calculate PA,
tunneling currents, etc. For each step, the total voltage across the
structure was easily obtained from the field at the beginning of
the field-stop region. The built-in voltage was subtracted from
the total voltage to obtain the applied or external voltage.

The points where the probability-of-avalanche curves go to
zero in Fig. 2 indicate the calculated breakdown voltages for the
different ionization coefficient sets. Note that different reported
ionization coefficients predict both higher and lower break-
down voltages than experimentally observed (as given by curve
labeled “This Work™) and fit using the ionization coefficient
models described above. Breakdown voltage was not the only
criterion used in determining the ionization coefficient models
selected. Both DCR and PDE versus overbias were considered
since these depend on PA versus overbias and as can be seen
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Fig. 2. Probability of avalanche for a hole injected into the avalanche region
from the absorber PA(0) versus voltage for several different ionization coef-
ficient pairs [13]-[19]. The APD has a 1.0-pm-thick avalanche region and a
1.5-pem-thick absorber.

in the figure, PA depends on the ionization coefficients. Since
B > « in InP, hole injection is advantageous for obtaining a
high PA. For holes injected from the absorber into the avalanche
region, a larger 3/« ratio results in a more rapid increase of
PA with overbias and, thus, a smaller overbias is required for
a desired PA. Some fine tuning of the ionization coefficient
models is expected in the future as more data is collected, but
the coefficient models selected fit our data and can be used to
predict performance in new designs and at reduced temperature.

IV. PROBABILITY OF AVALANCHE

The probability of avalanche is a key concept in calculating
DCR and PDE. Since each ionization event is probabilistic, the
likelihood of an actual breakdown occurring due to a single elec-
tron—hole pair will also be probabilistic. PA will increase with
overbias, the rate of increase depending on the ratio of the ion-
ization coefficients. PA will also depend on the position where
an electron-hole pair is generated. Following Mclntyre’s [29]
derivation of PA(z) and assuming field-dependent ionization
coefficients (i.e., ignoring nonlocal effects such as acceleration
of carriers in these devices with wide avalanche regions), PA
for hole injection into the avalanche region from the absorber,
PA(0), can be found by solving the following:

w

PA(0) =1 —exp <— ﬂ(w’)PA(w’)da;’) 4.1)

0
where = 0 corresponds to the beginning of the FS region and
x =W = Wpg+ W4 + Whp to the edge of the depletion region
in the p™ - region (Wp being the depletion depth in the p*-InP)

PA(0)f ()

PA(®) = 5A(0)7 () + 1 = PAQD)

“4.2)

is the probability of avalanche for an electron—hole created at x,
where

) =exo [ (ate) - pla i)
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Fig. 3. PA(0) versus voltage for several different temperatures. The APD has
a 1.0-pm-thick avalanche region and a 1.5-pm-thick absorber. The field stop
doping-thickness product was adjusted so that the absorber would be fully de-

pleted before breakdown at 180 K. Inset shows PA(0) versus overbias.

and () is the hole-ionization and «(z) the electron-ionization
coefficient at z.
PA(0) is plotted as a function of voltage and temperature in
Fig. 3 for a device with a 1.0-um-thick avalanche region, an
n =T x 107ecm™3, 36-nm FS, and a 1.5-um-thick absorber.
The FS thickness was reduced for these plots from that used
in Fig. 2 to insure punch-through before breakdown at 180 K.
This results in slightly higher breakdown voltages. PA(0) versus
overbias is shown in the inset. As the temperature is reduced, the
ionization coefficients increase due to reduced carrier scattering.
This results in a reduction in breakdown voltage (=~ 0.1 V/1K).
At the lower breakdown field strengths, the 3/« ratio increases
slightly resulting in a faster increase in PA with overbias. PA(0)
versus voltage at 295 K for several avalanche thicknesses is
shown in Fig. 4. As the avalanche thickness increases, the break-
down voltage increases. PA(0) versus overbias, however, does
not change much with increasing avalanche thickness as indi-
cated in the inset. For the ionization coefficients used, there is a
shallow maximum around W4 = 1.2 um due to a tradeoff be-
tween higher 3/« ratios at lower fields and smaller increases in
field with overbias as the avalanche region thickness increases.
For electron-hole pairs generated in the avalanche region,
PA(z) can be found from PA(0) using (4.2) and is plotted for
several different overbiases in Fig. 5. This type of electron—hole
pair can arise from thermal generation or tunneling in the
avalanche region or from electroabsorption of photons in the
high-field region. Note that PA is highest for hole injection and
lowest for electron injection as expected. Electron—hole pairs
generated in the avalanche region, therefore, generally have a
lower probability of causing an avalanche than those generated

in the absorbing layer.

V. DARK COUNT RATE

DCR is one of the most important parameters in a Geiger-
mode APD. If the DCR can be kept low, appropriate overbiases
can be used to obtain high PA. In many devices DCR, however,

Fig. 4. PA(0) versus voltage for several different avalanche thicknesses at
295 K. All devices had a 1.5-pm-thick absorber. The field stop doping-thick-
ness product was adjusted in each case so that the absorber would be fully
depleted before breakdown. Inset shows PA(0) versus overbias.
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overbias voltage that can be used. It is, therefore, extremely im-
portant to understand the sources of dark counts to appropriately
design the APD for both low DCR and high PDE.

Sources of dark counts are tunneling and thermal-generation
currents in the different sections of the device. Thermal-gener-
ation rates, even in these direct gap semiconductors, are domi-
nated by defects and depend on the crystal quality of the mate-
rial. The material quality can usually be associated with a life-
time, 7, and thermal generation written simply as n; /7, where
n; 18 the intrinsic carrier concentration of the material, which
depends on both bandgap and temperature. Since generation is
of any significance only around room temperature on devices
with very wide avalanche regions, for simplicity, 7 has been as-

sumed a constant independent of temperature and field. In con-
sidering tunneling currents, both direct band-to-band tunneling
[30], [31] as well as tunneling through defect [32] states in the
bandgap as illustrated in Fig. 6 must be considered. We have

increases faster than PA with overbias, limiting the maximum found that in our devices, defect tunneling in the InP avalanche
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Fig. 6. Schematic illustration of direct band-to-band tunneling and tunneling
through a defect.

region is much higher than direct band-to-band tunneling and
must be modeled appropriately. Tunneling in the absorber (both
direct and through defects or traps) must also be considered in
the APD design. The total DCR per unit area in a typical APD
structure can then be written as

DCR = /0 W(("ﬁi’f) + Jt““‘;“(x)) PA(z)dx
+PA(0) /0 o <<n7;;2(la:)> - Jt““-;;d("’)) da

w
Abs J un._. s -
+ / wd:ﬂ) 5.1
Jo q

where q is the electronic charge and W = Wgg + W4 + W,
Subscript Aw in, for example, (5.1) denotes the entire avalanche
region (including field-stop and depletion in p*), Gd the graded
region and Abs the absorber. Tunneling in the avalanche region
(including the field-stop and depleted p* region) is given by

Jtun_Av(x) = Jtun_Av_dir(x) + Jtun_AV_def(x)~

Tunneling in the absorber and graded regions also consist of di-
rect and defect-assisted tunneling terms. Here the units of .J are
amperes per cubic centimeter, and .J must be integrated over z to
give current densities in units of amperes per square centimeter.

We have neglected any diffusion current, i.e., generation of
carriers in the nondepleted sections of the device, which diffuse
to the depletion layer, since these currents will be small. Gener-
ation and tunneling currents in the thin graded region are small,
but are included in the calculations for completeness. Genera-
tion current in the InP will usually be small compared to both
generation current in the absorber and tunneling in the avalanche
region. To keep tunneling currents in the absorber negligible, the
maximum field in the absorber at the highest overbias must be
kept small by appropriately choosing the field-stop doping and
thickness. Since the breakdown voltage and, therefore, the fields
at any overbias are temperature dependent, some consideration
of the temperature operating range must be taken into account
in choosing an appropriate field-stop for a particular design. For
devices with InGaAsP 1.06-um absorbers, this maximum field

in the absorber is rather high (= 2 X 10° V/em), and there is
some latitude in the field-stop parameters and temperature over
which the APD can be operated.

For tunneling current in the avalanche region, we have used
the usual tunneling equation for direct band-to-band tunneling
[30], [31] and a single trap level model for tunneling through a
defect as illustrated in Fig. 6. For direct tunneling, we have

_B E3/2
JoanAv_die(z) = AF(2)? exp (ﬁ) (5.2)

where F'(x) is the electric field at z;, E; is the bandgap (which is
a function of temperature), A = ¢*(2m,/(qE,))*?/(4m3h?),
and B = 7(m,/2)'/%/(2qh), where m, = 2(mcmyy)/(me +
myp,) is the reduced effective mass, m,. being the conduction
band effective mass and 1, being the light hole effective mass
and i = h/27, h being Planck’s constant. This model assumes
a parabolic barrier [30], [31] and neglects heavy hole tunneling.
It also neglects transverse carrier momentum [30], [31], which
reduces tunneling.

For tunneling through a defect, we must consider the filling of
the defect. Setting the tunneling current from the valence band
to the defect equal to the tunneling current from the defect to
the conduction band, the average defect filling is determined
leading to a tunneling current given by

Jtun_AV_def (.’13)
—(B1E¥ 2+ B, B2
AF(:E)QNT exp< ( ! BP{(I) 2 B2)>
= (5.3)

_ 3/2 _B,E/?
N, exp ( E;f(ffl ) + N, exp( E;:(ifz >

where By = w(min/2)"/?/(2qh), By = w(m./2)"/?/(2qh),
FEp1 = barrier height of tunneling from valence band to trap and
isequalto aFy(a < 1), Ege = barrier height of tunneling from
trap to the conduction band and is equal to (1 — a)E,. N,, and
N, are the light-hole valence and conduction band density of
states and N represents the number of defects per unit volume
and is used as a fitting parameter much like 7 is used in deter-
mining the thermal generation currents. There are two param-
eters which determine the tunneling through defects, the posi-
tion of the defect, a, and the number, N . This defect tunneling
model ignores many issues, such as transverse momentum con-
siderations, the exact shape of the barriers, etc., but as shown
below, it can be used to obtain excellent fits to experimental data.

To obtain appropriate parameters for tunneling through de-
fects in InP, we grew a number of different test APD structures
with dummy InP absorber layers (instead of the usual InGaAsP
absorber) and measured the DCR versus overbias. Parameters
were then varied to obtain best fits to the data. In addition to the
position of the defects in the bandgap and the number of defects,
other ionization coefficient pairs were used to determine the best
fits to DCR data. Although we included generation and direct
tunneling in the fits, these structures were found to be dominated
by tunneling through defects. Defect-assisted tunneling is 1 to 2
orders of magnitude greater than direct band-to-band tunneling
in our current InP material. Best fits to the data were obtained
with the position of the trap 0.75F, above the valence band
(a = 0.75). This is a position where there are known traps and
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Fig. 7. Experimental and calculated DCRs versus overbias on APDs with sev-
eral different avalanche thicknesses and 1.5-p¢m-thick dummy InP absorbers.

where the Fermi level tends to pin at InP surfaces and in mate-
rial with high defect densities (caused by proton bombardment,
etc.). The number of defects was fairly consistent from sample
to sample and was typically around N7 /N¢c = (4-8) x 1074,
The number is given in terms of N¢ to stress that it should be
considered more a fitting parameter than a precise measure of
the actual trap density. Fig. 7 shows fits to the DCRs of three
structures with different avalanche layer thicknesses: 1.0, 1.2,
and 1.4 pm. All structures had 1.5-pm-wide dummy InP ab-
sorber layers. The field-stop thickness was adjusted downward
with increasing avalanche thickness to keep the maximum field
in the absorber region approximately constant. The DCR for
each structure was calculated using the same fitting parameters
for a and Nt (referred to as Np,om). In converting the mea-
sured DCRs to DCR per unit area, the active diameter of each
device was assumed to be 5 um less than the physical diameter
to account for edge effects as discussed in Section VL. Fits to two
more recent structures with 1.4-pm avalanche regions are shown
in Fig. 8. These structures had thicker and lower doped (with the
same concentration-thickness product) field-stop layers than the
APD with a 1.4-pm avalanche region shown in Fig. 7. A slightly
lower N7 (& 0.6 NTyom) Was used in fitting the data taken on
these diodes indicating an improvement in material quality. In
all cases Ny was always within a factor of 2 of the nominal
value. The fits in Fig. 8 indicate that the DCR can be modeled
quite accurately out to 10-V overbias.

With a good model for tunneling in the avalanche region, fits
to DCRs in actual Geiger-mode APDs may now be carried out.
A good model for defect tunneling in the absorber regions has
not yet been obtained, but this is only of secondary consider-
ation, since it is assumed that the APD will be designed with
an appropriate field-stop layer so that the maximum field in the
absorber is sufficiently low at the maximum overbias used to
keep absorber tunneling current negligible. As a conservative
approximation to make sure maximum field in the absorber is
sufficiently low, we have modeled defect tunneling in InGaAsP
as having ten times the number of defects as in the InP avalanche
region. We also placed them slightly lower in the bandgap using
a linear extrapolation with composition so that the defect level
would be at midgap in latticed-matched InGaAs.
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Fig. 9. Experimental and calculated DCRs versus overbias on 1.06-um wave-
length APDs with several different avalanche thicknesses and 1.5-pm-thick In-
GaAsP absorbers.

In 1.06-pm-wavelength APDs, tunneling in the InP avalanche
region can be a main source of dark counts even at room tem-
perature. Fits to the DCR per unit area of 1.06-pym APDs with
1.0-, 1.4-, and 2.0-pm avalanche regions are shown in Fig. 9.
These devices had a 1.5-pm-thick absorber with a bandgap of
E o =~ 1.05 eV(Ag2 ~ 1.18 um). All of the fits were carried
out using a value for Ny = 0.7Npyo, for tunneling current in
the avalanche region and a lifetime 7 of 40 ps in the absorber.
This lifetime is quite large indicating high quality material. The
lower value of Nt used to fit these devices and the most recent
InP dummy APDs indicate that the InP material quality is im-
proving. Also shown is the DCR attributable only to tunneling
in the avalanche region for the devices with 2.0-m avalanche
regions to give some idea of the portion of DCR due to genera-
tion current in the absorber.

Since the breakdown voltage decreases with decreasing tem-
perature, the DCR even in devices dominated by tunneling in
the avalanche region decreases significantly as the temperature
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Fig. 10. Experimental and calculated DCRs versus temperature at 4-V overbias
on 1.06-pm wavelength APDs with several different avalanche thicknesses and
1.5-pm-thick InGaAsP absorbers.

of operation is reduced. The DCR per unit area versus temper-
ature of several devices with different avalanche layer thick-
nesses at 4-V overbias is shown in Fig. 10. These devices are
from different runs than the devices shown in Fig. 9. In partic-
ular the device with the 1.0-um-thick avalanche region comes
from an older wafer and has a larger DCR than the comparable
devices shown in Fig. 9 and an Ny =~ 1.2N7pyn, Was required
for the fit versus temperature. The room temperature DCRs on
the other devices are also slightly higher than the average DCR
fit of Fig. 9 indicative of run-to-run and device-to-device vari-
ation. An Ny = 0.9Np,om gave the best fit for these devices.
Overall, the fit to the temperature dependence is quite good.
With the tunneling and lifetime fitting parameters established,
DCRs can be calculated for various structures for different tem-
peratures of operation. An Ny = Nrpyuon and a lifetime of
7 = 20 ps were used in these calculations and all calcula-
tions shown below to allow for slightly lower quality material
and device-to-device variations. The calculated DCRs per unit
area for 1.06-pum APDs with avalanche thicknesses of 1.0-, 1.4-,
and 2.0-pm-thick avalanche regions at 240 and 280 K (temper-
atures easily reached by thermoelectric coolers) are shown in
Fig. 11(a) and (b), respectively. The lower dark count rates at
the lower temperature are due to a decreased breakdown voltage
(lower field), which results in reduced tunneling in the avalanche
region, as well as a reduction in n;_aps With decreasing temper-
ature. For a diode with a 10-pum-diameter active region, DCRs
of ~ 10 kHz can be achieved at 280 K at 5-V overbias with a
1.4-pm avalanche region and at 10-V overbias with a 2.0-pym
avalanche region. DCRs less than 1 kHz are possible at 240 K.
Even lower DCRs are possible at lower temperatures. Although
there are tradeoffs with PDE, as discussed in Section VI, devices
with thicker avalanche regions are generally capable of higher

overall performance but require slightly higher overbiases for
the same PDE and a higher dc operating voltage. These factors
can challenge the ROIC design and some compromises may be
required.

VI. PROBABILITY OF DETECTION

The probability of detection can be thought of as the prob-
ability of a photon being absorbed, creating an electron—hole
pair, times the probability that this electron—hole pair will
cause a sustained avalanche. If photons were only absorbed
in the InGaAsP absorber region, this would be essentially the
quantum efficiency (QE) of the diode (i.e., electron flow in the
external circuit per incident number of photons if there was no
gain) times the probability of avalanche for hole injection into
the avalanche region PA(0). For 1.06-um wavelength devices,
however, electron—hole pair generation via electroabsorption
[33]-[35] in the high field avalanche region must also be taken
into account. Electron—-hole pairs generated in the avalanche
region via electroabsorption will lower the overall PDE of
back-illuminated devices since the probability of avalanche
PA(z) < PA(0). In addition, reflections and any photons lost to
free-carrier absorption before reaching the active region must
also be taken into account. Although free carrier absorption
takes place in all of the doped layers, it is generally only of
significance in back-illuminated devices with heavily doped
substrates. We will look at three cases: 1) front-illuminated de-
vices where free carrier absorption is negligible and the photon
passes through the absorber before reaching the avalanche
region; 2) back-illuminated devices on lightly doped substrates
where free carrier absorption is small and the photon passes
through the avalanche region first; and 3) back-illuminated de-
vices on highly doped substrates where free carrier absorption
is substantial. Highly doped substrates are used because of their
lower defect densities and for applications where it is necessary
to make the common anode contact on the back of the device.

In general, a PDE of front-illuminated devices (for a single
pass through the absorber) is given by (6.1), shown at the bottom
of the page, where the first term in the bracket represents PDE
due to absorption in the absorber, the second term to absorption
in the graded layer and the third term to electroabsorption in the
avalanche region. The contribution to PDE due to absorption in
the graded layer is small. The start of the field stop region is at
x=0and W = W, + Wgg + Wp. The absorption coefficient
in the absorber, a a1, 1S modeled as

X Abs — C % (hl/ — Egg)1/2

where ¢ = 3.6 x 10* cm~'eV~'/2 for the InGaAsP mate-
rial used in the 1.06-um devices. Since the absorber bandgap,
E 4>, increases with decreasing temperature, a a1, Will decrease
slightly with decreasing temperature. This is compensated by

0
PDE = (1 — R){PA(O)(I — exp(—ozAbsWAbs)) + eXp(—OéAbSI/VAbS)PA(O)/ aGd exp ( /W aGd dx ) dx

+ exp <— (aAbsWAbs + /_O‘/VG(I Ode(x)dﬂU)) /OW PA(z)apa(w)exp <

—Waa

(6.1)

apa(z da:') d:v}
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Fig. 11. Calculated DCRs versus overbias for 1.06-pm wavelength APDs with several different avalanche thicknesses and 1.5-pzm-thick InGaAsP absorbers at
(a) 280 K and (b) 240 K. Conservative values of N7 and 7 were used in the calculations.

increases in PA with decreasing temperature. With a good AR
coating the surface reflectivity R is less than 0.5%. The elec-
troabsorption coefficient «g4(x) in the InP high-field region
was calculated based on the field at each point. At room temper-
ature, electroabsorption coefficients are in the 103-cm ™! range
for 1.06-pm light. As the temperature is reduced, electroabsorp-
tion in our devices decreases somewhat due to both the reduc-
tion in field (lower breakdown voltage) and a slight increase in
bandgap energy.

For back-illuminated devices, PDE is given by (6.2), shown
at the bottom of the page.

The absorption coefficients in our nT substrates ag,;, were
measured to be around 7em™" at 1.064 pm. Loss in the nomi-
nally undoped n~ -substrates was negligible at 1.064 pm.

The PDE versus overbias calculations for a back-illuminated
1.06-pim device with an n*-substrate, a 1.0-ym-thick avalanche
region and a 1.5-pum-thick absorber region at temperatures of
273,283, and 293 K are shown in Fig. 12, along with data taken
on a back-illuminated device with an n* -substrate. The data was
taken with a focused spot. Scan measurements across the 20-pm
-diameter diode as shown in Fig. 13 indicate a fairly flat PDE
with a 2.0-2.5-pm inactive region around the periphery. Similar
scans were obtained in both orthogonal directions. Active diam-
eters that were 4-5-pm smaller than the actual physical diame-
ters were consistently measured on diodes with different diame-
ters and from different fabrication runs. DCRs scaled well with
active area. Earlier data on front-illuminated devices showed
PDEs around 50% in the 4-5-V overbias range. The lower PDE
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Fig. 12. Experimental and calculated photon detection efficiency PDE versus
overbias at 273, 283, and 293 K for back-illuminated devices with an n* -sub-
strate.

on back-illuminated devices is due primarily to substrate ab-
sorption.

The PDE versus overbias calculated for front-illuminated
and back-illuminated 1.06-ym devices with 1.0-, 1.4-, and
2.0-pm-thick avalanche regions at 295 K are shown in Fig. 14.
All devices had a 1.5-pm-thick absorber region. The difference
between the front-illuminated PDEs and back-illuminated

0

PDE = (1 — R) eXp(—OésubWsub){/
—-W

VVGd x
- PA(0) / aga(z) exp <— / OéGd(il?/)da:'> de +exp | —
Jo Jo

- PA(0)(1 — exp(—aAbsWAbs))}

PA(z)apa(z) exp (_ /T aEA(:E')d:E') dr + exp (_ /o

apa(r) dx)

-W -W

0 Waa
/ apa(z)ds + / agd(z)dz
Jow Jo

6.2)
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Fig. 14. Calculated photon detection efficiency PDE versus overbias at 295 K
for front- and back-illuminated devices with avalanche thicknesses of 1.0-, 1.4-,
and 2.0-pum-thick absorber layers. All devices had a 1.5-pm-thick absorber.

PDEs with an n™-substrate is due to the light passing through
the avalanche region first (more electroabsorption) in the
back-illuminated device. The difference between the PDEs
with an n~-substrate and those with an n*-substrate is due
to differences in substrate loss. For front-illuminated devices,
the PDE for devices with 1.0- and 1.4-pm-thick avalanche
regions are almost identical. For back-illuminated devices, the
devices with a 1.0-pum-thick avalanche region have slightly
higher PDEs than those with a 1.4-um avalanche region due to
higher electroabsorption in the devices with thicker avalanche
region. Devices with a thicker avalanche region have a lower
PDE due to a reduced change of field with increased voltage
which results in a lower PA in the thicker structures. As the
temperature is reduced from 300 to 240 K, the PDEs in all
cases increase by 2%-3% in the 3-6-V overbias range due
to increases in PA. These PDE curves can be used with the
DCR curves shown in Section V to assess the tradeoff between
PDE and DCR for different avalanche thicknesses and desired
maximum overbias. Note that from a DCR perspective it is
desirable to use thicker avalanche regions if high overbiases
are available from the ROIC being used. Although there is a
drop off in PDE at a fixed overbias as the avalanche thickness
increases, more substantial decreases in DCR means the device
with the thicker avalanche region can be operated at higher
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Fig. 15. Calculated PDE versus DCR at 280 K for 1.06-um wavelength
APDs with several different avalanche thicknesses and 1.5-pm-thick InGaAsP
absorbers. PDE for both a single pass of the signal photons and a double pass,
assuming a 90% reflection for the second pass, are shown.

overbiases more than making up the differences in PDE. With
n~ -substrates and 1.4-pm-thick avalanche regions, PDEs and
DCRs at 280 K of 53% and 2.2 x10'° Hz/cm? (17 kHz for
a 10-pm active area diameter), respectively, can be achieved
with 5-V overbias. Corresponding values at 240 K are 56% and
1.3 x10° Hz / cm?. With 2.0-pm-thick avalanche regions, PDEs
> 70% can be achieved at 10-V overbias with corresponding
DCRs similar to those obtained at 5-V overbias on devices with
1.4-pm-thick avalanche regions. PDE versus DCR at 280 K are
shown in Fig. 15 for devices with 1.0-, 1.4-, and 2.0-pum-thick
avalanche regions. The solid lines represent calculations for
single-pass devices, while the dashed lines indicate PDE values
for double-pass devices as described below.

So far we have dealt with devices that have 1.5-pm-thick ab-
sorber regions. This thickness was chosen to give a reasonable
single-pass QE, while still permitting a near-optimal PDE. For
a fixed overbias, more optimal designs are possible. To achieve
higher QEs, one could increase the thickness of the absorber
region, but this could result in higher DCR (near room tempera-
ture) and a decrease in PA(0). A simpler way to achieve higher
QE would be a double-pass structure, in which the light passes
though the absorber 2 times. Resonant structures that could re-
duce the volume of the absorber are also a consideration [36],
[37], but since thermal generation in the absorber is not the
major source of dark current in these 1.06-ym wavelength de-
vices, resonant structures are not worth the added growth and
fabrication complications. In our back-illuminated devices, a
double-pass structure can be achieved by placing a high re-
flective metal contact (such as Ag or Au) on top of the diode
mesa. Since there is a 2.5-um inactive region around the pe-
riphery, the reflector metal does not have to cover the entire
mesa. The nT-InGaAs contact layer could be etched in the ac-
tive region and reflector metal used as the contact as well. With
a good reflector, QEs and, therefore, PDEs could be increased
by =~ 15% with the same absorber thickness. Alternately, the
absorber could be made thinner with only a small loss in QE,
while increasing PA(0) (higher increase in avalanche field) and
decreasing the DCR due to generation in the absorber at any
fixed overbias. The calculated PDE versus overbias curves of
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Fig. 16. Calculated PDE versus overbias at 295 K for 1.06-zm wavelength
APDs with a 1.4-pm-thick avalanche region and several different thicknesses
of the InGaAsP absorber. PDE for both a single pass of the signal photons and
a double pass, assuming a 90% reflection for the second pass, are shown.

a back-illuminated devices on an n~-substrate with a 1.4-pm
-thick avalanche region and 1.0-, 1.5-, and 2.0-um absorber
layers with and without a top reflector at 295 K are shown in
Fig. 16. We actually looked at a number of absorber thicknesses
ranging from 0.8 to 2.0 um, but only three values are plotted for
clarity. The reflectivity of the top reflector was assumed to be
90%. These double-pass devices have both higher QE and PDE
compared to those of the single-pass devices. In single-pass de-
vices, a near-optimum PDE is obtained over the entire bias range
with an absorber thickness of 1.5 pm, while in double-pass de-
vices a maximum PDE is achieved with a 1.0-pm-thick absorber
region. DCR must also be considered, however, in choosing
the absorber thickness just as it is in selecting the avalanche
thickness. The DCRs at 295 K for devices with 1.0-, 1.4-, and
2.0-pm-thick avalanche regions and several different absorber
thicknesses are show in Fig. 17. One might think that the DCR
should decrease with reduced absorber thickness, but this is
only true if generation in the absorber is a large contributor to
the DCR. In these devices, tunneling in the avalanche region is
dominant except in devices with the thickest avalanche regions,
and the DCR decreases with increasing absorber thickness due
to reductions in avalanche field at fixed overbias. Even with a
2.0-pm-thick avalanche region, tunneling plays a large role and
there is no significant decrease in DCR with thinner absorbers.
At lower temperatures, tunneling in the avalanche region will
dominate even with thick avalanche regions.

VII. CONCLUSION

We have presented a model for the DCR and PDE of 1.06-pm
InGaAsP-InP Geiger-mode avalanche photodiodes that gives
a good fit to experimental data. The model can be used to
evaluate the quality of the InP avalanche region and InGaAsP
absorber region and to predict possible performance improve-
ments with device modifications. Tunneling through defects in
the avalanche region is an important contributor to DCR even
at room temperature and dominates at lower temperatures. It
can be fit to data with one adjustable parameter, N, the defect
density. Generation in the absorber plays a role only around
room temperature and can be fit with one adjustable parameter,
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Fig. 17. Calculated DCRs versus overbias for 1.06-pm wavelength APDs with
several different avalanche thicknesses and several different InGaAsP absorber
thicknesses at 295 K.

7, the effective lifetime. In 1.06-m devices, electroabsorption
in the avalanche region must be taken into account in calcu-
lating PDE. Substrate absorption must also be considered in
back-illuminated devices. Back-illuminated devices, however,
allow for a double pass through the absorber, which will in-
crease the PDE. In general, Geiger-mode performance is better
in devices with thicker avalanche regions. Even though devices
with wider avalanche regions have a higher breakdown voltage
and require a slightly higher overbias for the same PDE, a
substantially lower DCR can be achieved for the same PDE.
With current material, room temperature DCRs of less than
10 kHz with PDEs of ~50% at 5-V overbias can be achieved in
devices with 10-pum-diameter active areas. The DCR decreases
with decreasing temperature while PDE increases slightly.
Very low DCRs can be achieved at low temperatures. Reset
time, however, increases with decreasing temperature [12] and
this must be taken into consideration for applications that are
sensitive to reset time. Higher PDEs can be achieved at higher
overbias with modest increases in DCR in devices with thick
avalanche regions. Lower DCRs are expected through continual
improvements in material quality.
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