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Low Multiplication Noise Thin Al0:6Ga0:4As

Avalanche Photodiodes
Chee Hing Tan, J. P. R. David, Stephen A. Plimmer, Graham J. Rees, Richard C. Tozer, and Robert Grey

Abstract—Avalanche multiplication and excess noise were
measured on a series ofAl0 6Ga0 4As p+in+ and n+ip+ diodes,
with avalanche region thickness, ranging from 0.026 m to 0.85

m. The results show that the ionization coefficient for electrons
is slightly higher than for holes in thick, bulk material. At fixed
multiplication values the excess noise factor was found to decrease
with decreasing , irrespective of injected carrier type. Owing
to the wide Al0 6Ga0 4As bandgap extremely thin devices can
sustain very high electric fields, giving rise to very low excess noise
factors, of around 3.3 at a multiplication factor of 15.5
in the structure with = 0.026 m. This is the lowest reported
excess noise at this value of multiplication for devices grown on
GaAs substrates. Recursion equation modeling, using both a
hard threshold dead space model and one which incorporates
the detailed history of the ionizing carriers, is used to model the
nonlocal nature of impact ionization giving rise to the reduction
in excess noise with decreasing . Although the hard threshold
dead space model could reproduce qualitatively the experimental
results better agreement was obtained from the history-dependent
model.

Index Terms—Al Ga1 As, avalanche photodiodes, excess
noise, impact ionization.

I. INTRODUCTION

A
VALANCHE photodiodes (APDs) are widely used in

telecommunications systems since the avalanche mul-

tiplication process provides gain. Conventionally, the impact

ionization coefficients for electrons and holes, and , which

represent the inverse of the mean distance between successive

ionization events, have been used to describe the multiplication

process. Using a local analysis, McIntyre [1] derived an

expression for the excess avalanche noise factor, , which

arises from the stochastic nature of the ionization process, as a

function of mean multiplication, and for

electron (hole) initiated multiplication

(1)

To minimize the excess noise the material must have a small

value of and therefore the carrier with the higher ionization co-

efficient must be injected to initiate the multiplication process.
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This model assumes that the dead space, , defined as the min-

imum distance a carrier must travel before impact ionizing, is

small compared with both the avalanche width, , and with the

mean distance between ionization events, so that and are in

equilibrium with the local electric field.

In most III–V semiconductors approaches unity at high

fields and so to achieve small values of APDs usually operate

at relatively low electric fields, necessitating thick avalanche

multiplication regions, where the McIntyre expression is valid.

As the avalanche region becomes thinner, becomes a signif-

icant fraction of the avalanche region width and thus the local

description of ionization fails. The dead space has been shown

to affect the multiplication [2] and, more dramatically, to reduce

the excess avalanche noise in thin avalanche regions [3]–[6].

APDs with thin avalanche regions also have the further advan-

tage of a high gain-bandwidth product.

Unfortunately, at the high electric fields encountered in

these thin multiplication regions, the tunnelling current can

be significant, increasing the background shot noise. One

way to overcome this problem is to use a wider bandgap

material such as , with consequently reduced

tunnelling current. Recently, Heroux et al. [7] showed that

GaInAs alloyed with a dilute concentration of N and grown

on a GaAs substrate strongly absorbs incident light at 1.3 m

wavelength. could therefore provide an attractive

multiplication region for GaAs based APDs using GaInAs(N)

absorption regions.

Avalanche multiplication measurements in

have been reported by several groups

[8]–[12]. Anselm et al. [4] have measured the excess noise in

for 0 and 0.2 and Li et al. [6] have measured

excess noise in for 0 and 0.3. The excess

noise in for 0 to 0.3 was found to reduce

with decreasing . No measurements of excess noise factor of

with higher aluminum compositions have been

reported. The excess noise characteristics for high aluminum

compositions ( 0.45) where the bandgap is indirect, is not

known at present. In our previous work [12], the multiplication

characteristics of have been investigated, and

the value was found to be close to unity even at low electric

fields. The dark current of was also found to be

very low. Therefore, in this work, we investigate the excess

noise in using a range of p in diodes with

varying from 0.06 m to 0.85 m and n ip diodes with

equal to 0.14 m and 0.51 m. By fabricating diodes with

ranging from 0.026 m to 0.85 m, the multiplication and

excess noise characteristics over a wide range of electric fields

can be investigated. We have also investigated a p-n diode with

0018–9383/01$10.00 ©2001 IEEE
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Fig. 1. Doping profile (dash-dot line) in the layer withw = 0.049�m obtained
from SIMS and the calculated electric field profile (solid line).

a highly nonuniform electric field. In Section II, we outline the

experimental details of this work. The results are presented

in Section III, discussed in Section IV, and modeled using a

model that includes the field history of the ionizing carrier,

proposed by McIntyre [13] in Section V.

II. EXPERIMENTAL DETAILS

A. Growth and Characterization

The p in (n ip ) layers used in this study were grown

by conventional molecular beam epitaxy using Be and Si as

the p- and n-type dopants on n p GaAs substrates.

A 0.2 m n p AlAs etch-stop layer was grown on the

substrate, followed by a 1.5 m n p layer,

an undoped -region, and finally 1 m of

p n . Circular mesa diodes of diameter

50–400 m were fabricated, with annular contacts for optical

access.

The -region thickness of each layer was estimated from the

doping profile obtained via capacitance–voltage ( – ) mea-

surements. These values were checked by solving Poisson’s

equation, with and the doping in the p , i, and n regions

used as adjustable parameters to fit the measured – profiles,

as in our previous works [2], [5], [6], [11], [12]. The estimated

values of were 0.026 m, 0.049 m, 0.09 m, 0.49 m, and

0.85 m for the p in diodes, and 0.14 m and 0.51 m for

the n ip diodes. This fitting exercise also gives the doping

levels of the p-n diode as around 4.4 10 cm in the p-re-

gion and around 1.10 10 cm in the n-region. Secondary

ion mass spectroscopy (SIMS) measured on several layers also

shows good agreement with the values of obtained via the

modeling from – measurements. The doping profiles from

SIMS also suggest that the layers with 0.026 m and 0.049

m have a rounded electric field profile, as shown in Fig. 1,

rather than a uniform electric field profile, because of diffusion

of the p and n-type dopants. The details of the layers are sum-

marized in Table I.

Devices from all layers show sharp breakdown and low dark

currents ( 10 A) up to the breakdown voltage, as shown in

TABLE I
SUMMARY OF THE Al Ga As LAYERS INVESTIGATED

Fig. 2. Current–voltage characteristics in dark for Al Ga As p in
diodes with w = 0.85 �m (�), 0.49 �m ( ), 0.09 �m (�), 0.049 �m (r),
0.026 �m (�), and n ip diodes with w = 0.51 �m( ), and 0.14 �m ( ).
The current–voltage characteristic of the p-n diode with doping levels of � 4.4
� 10 cm in the p-region and � 1 � 10 cm in the n-region is also
shown (�).

Fig. 2. In the two thinnest layers with 0.026 m and 0.049

m, the dark current increases more rapidly prior to breakdown,

possibly due to the onset of tunnelling at the very high electric

fields in these layers.

B. Photomultiplication and Excess Noise Measurements

The experimental set-ups used for photomultiplication and

excess noise measurements are as described in [5], [6]. A phase

sensitive detection (PSD) technique using two lock-in ampli-

fiers was employed to monitor the photocurrent and the mul-

tiplication noise independently. The PSD technique isolates the

thermal, dark current, and system noise from the measured mul-

tiplication noise. Our noise measurement system has a center

frequency of 10 MHz and 4 MHz bandwidth.

Pure electron (hole) initiated multiplication was

achieved by shining light of wavelength 442 nm from a He-Cd

laser onto the top cladding region of the p in (n ip ) diodes.

The absorption coefficient of at 442 nm is

approximately 1.08 10 cm [14] and therefore, the light

is fully absorbed in the 1 m p (n ) cladding region. The n

cladding regions in the two n ip diodes were thinned down
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to 0.6 m to increase the primary hole photocurrent. The

442 nm light is still strongly absorbed in the 0.6 m n cap,

ensuring pure hole injection. Measurements of mixed carrier

initiated multiplication were performed on the n ip

diodes using 542 nm light from a He-Ne laser which has an

absorption coefficient of approximately 2.9 10 cm [14]

in and therefore, approximately 17.6% of the

light entered the high field region. In the p in diodes with

0.85 m, and 0.049 m was obtained without thinning

the p cladding region but for , this was etched down to a

thickness of 0.3 m so that around 42% of the 542 nm light

entered the high field region.

The small increase in primary photocurrent prior to the onset

of multiplication due to a slight movement of the depletion edge

with increasing bias was corrected for, as described by Woods

[15]. The excess noise factor was determined as in [5], [6]

by comparing the shot noise of a commercial silicon pin diode

under unity multiplication conditions to that of the test devices

using the technique described by Bulman [16]. can be ex-

pressed as

(2)

where

equivalent photocurrent of a silicon pin diode that pro-

duces the same noise power as the device under test;

equal to , or ;

unmultiplied photocurrent.

Multiplication and noise measurements were taken from several

devices on each layer to ensure reproducibility.

III. RESULTS

The normalized multiplication factors and up to 10

are shown in Fig. 3 although multiplication factors of between

9 to 25 were obtained in all layers. results for the p in

diodes with 0.85 m and 0.049 m and for the n ip

diodes are also shown in Fig. 3. is slightly lower than

in the p in diode with 0.85 m but these are almost

identical in the thinner p in diode with 0.049 m and

the n ip diode with m. In the thicker n ip diode

with m, is slightly higher than . for the

p-n diode which breaks down at a reverse bias of 14 V is also

shown in the same figure.

The measured pure electron initiated excess noise factor,

from the p in diodes is shown in Fig. 4. The excess noise fac-

tors for the thickest layer, with 0.85 m, fall close to the

curve calculated for from (1). As was reduced suc-

cessively to 0.49 m, 0.09 m, 0.049 m and 0.026 m the excess

noise factors were found to decrease and fall close to the calcu-

lated curves with , 0.21, 0.17 and 0.10, respectively.

Mixed carrier initiated excess noise, results on the p in

diode with of 0.049 m and 0.85 m are compared to in

the inset of Fig. 4. was found to be only slightly higher

than in the p in diode with 0.049 m. However in

the thicker p in diode, with 0.85 m, the mixed injec-

tion produced much higher excess noise, falling on the curve

with .

Fig. 3. Multiplication characteristics for pure carrier injection with 442 nm
excitation (symbols), mixed carrier injection with 542 nm excitation (�)
and calculated using the DSM with the ionization coefficients and threshold
energies, E = 3:4 eV and E = 3:6 eV, from [12] (dashed lines). The
measured M results are represented by symbols for Al Ga As p in
diodes with w = 0:85 �m (�), 0.049 �m ( ), 0.09 �m (�), 0.049 �m
(r), 0.026 �m (�) and M for n ip diodes with w = 0:51 �m ( ) and
0.14 �m ( ), together with M for the p-n diode (�).

Fig. 4. Excess noise factor, F measured (symbols) and calculated (lines)
using the DSM with ionization coefficients and threshold energies from [12]
for Al Ga As p in diodes with w = 0.85 �m (�, dashed line), 0.49 �m
( , dotted line), 0.09 �m (�, dash-dotted line), 0.049 �m (r) and 0.026 �m
(�). Thin dotted lines are curves calculated from (1) for various k values from
0 to 1 in steps of 0.1. The excess noise factors from mixed carrier initiated
multiplication (closed symbols) and from pure electron initiated multiplication
(open symbols) for the layers with w = 0:85 (�; �) �m and 0.049 �m ( ;r)
are also shown in the inset.

Fig. 5 shows the excess noise results, for pure hole injec-

tion of the two n ip diodes with m and 0.14 m

falling on the curves with and 0.3 respectively, and

for the p-n diode falling close to curve with . As be-

fore from the n ip diodes is shown in the inset. is

lower than in both n ip diodes. For a fixed value of mul-

tiplication the difference between and is smaller in the
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Fig. 5. Excess noise factor, F measured (symbols) and calculated (lines)
using the DSM with ionization coefficients and threshold energies from [12] for
Al Ga As p in diodes withw = 0:51�m ( , dashed line) and 0.14 �m
( , dotted line), and F measured (�) and calculated (dash-dotted line) for the
p-n diode. Thin dotted lines are same as for Fig. 4 and the inset shows the excess
noise factors from pure hole (closed symbols) and mixed carrier (open symbols)
initiated multiplication in the n ip diodes with w = 0:51 �m ( ; ) and
0.14 �m ( ;�).

thinner n ip diode. The p-n diode produced very similar re-

sults for to those of the p in diode with m,

although it has a wider depletion width of m at high

multiplication values.

IV. DISCUSSION

The and results clearly show a significant reduction

with decreasing for the n ip diode with m

is only marginally higher than for the p in diode with

m. Note also that is only slightly higher than

in the p in diode with 0.049 m and only slightly

lower than in the n ip diode with m, despite

being almost identical to and in the p in and

n ip diodes respectively. These results suggest that the noise

performance of diodes with m

is largely independent of injected carrier type and depends pri-

marily on . Similar excess noise results with electron and hole

initiated multiplication were observed in GaAs diodes with

m [5].

To the best of our knowledge the excess noise exhibited by

the p in diode with m is the lowest reported in

GaAs based p in diodes. Previous attempts at measuring in

were confined to devices with no thinner than

0.05 m [5], [6] because the large electric fields in thinner de-

vices gave rise to prohibitively large dark currents. In the wider

bandgap extremely thin avalanching regions are

achieved with negligible dark currents, as shown in Fig. 2, and

an extremely low noise figure was obtained in devices with

m, as shown in Fig. 4.

The reduced excess noise in thin multiplication regions can

be explained by the dead space effect which becomes increas-

TABLE II
PARAMETERS FOR THE IONIZATION COEFFICIENTS AND THE THRESHOLD

ENERGIES USED IN THE HISTORY-DEPENDENT MODEL TO FIT THE MEASURED

MULTIPLICATION AND EXCESS NOISE FACTOR IN Al Ga As

ingly important as decreases. In thin devices, the dead space

represents a significant fraction of the avalanche region. Ion-

ization occurs in a narrower spatial region and the multiplica-

tion process becomes more deterministic, resulting in reduced

spread in the random values of multiplication and hence in re-

duced noise [17].

The difference between and becomes larger

as increases in the p in (n ip ). This is as expected

since the dead space is less significant in the layers with

thicker multiplication regions and the ratio dominates

the noise characteristics, as discussed by McIntyre [1]. There-

fore the mixed carrier initiated multiplication process in the

p in (n ip diodes will result in higher (lower) than

for pure carrier injection in the thicker diodes. The values

for the p in diode with 0.85 m are lower than those

for GaAs and diodes with m

[4], which fall on the curves with and 0.62 in (1)

respectively. The reason for this is not clear at present but may

be due to a larger ratio in . To assess

this we calculated the ratio for in GaAs,

and diodes with using the

parameters given in [18] and in Table II. For the

corresponding calculated ratios were found to be 0.077,

0.065 and 0.096, confirming our hypothesis.

In our earlier work [19] we showed that in pn junctions with

rapidly varying electric fields the noise is reduced further as

the ionization events are localized in the vicinity of the peak

field and thus the impact ionization process becomes even more

deterministic. The present p-n diode shows low excess noise,

similar to that produced by the p in diode with m,

despite a much wider depletion width, for similar reasons.

V. MODELING

The effect of the nonlocal ionization behavior on mean gain

was discussed by Okuto and Crowell [20]. Since then several

analytical [5], [21]–[24] and numerical techniques [17], [25],

[26] have been proposed to model the nonlocal nature of impact

ionization.

A simple model for a carrier’s nonlocal ionization behavior

is to set the ionizing probability to zero for a distance after

the carrier is created, where is the ballistic dis-

tance required to achieve ionization threshold energy, in

the electric field, . After travelling this dead space the ioniza-
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tion process is described by the ionization coefficients for elec-

trons and for holes . This hard threshold dead

space model (DSM) has been used by several authors [5],[6],

[22]–[24]. The DSM has been shown to give good fits to the

measured gains and excess noise factors in uniform electric field

structures [5],[6],[27] and so was used to model our measured

multiplication and excess noise results. Using the DSM and

were calculated for diodes with of 0.09 m to 0.85 m

with the ionization coefficients, and , and the ion-

ization threshold energies for electrons and holes,

eV and eV, given by Plimmer et al. [12]. The cal-

culated and for ideal p in diodes with of 0.09 m

to 0.85 m are shown as dashed lines in Fig. 3.

The DSM modified for nonuniform electric fields as de-

scribed in [23] was used to model the experimental results from

the p-n diode. In a nonuniform electric field, the ballistic

dead space is found by solving for in the equation

The DSM is able to give good agreement with the measured

multiplication values for of m to 0.85 m but gives

values which underestimate the multiplication for the p-n diode.

The DSM also predicts higher excess noise in the p in diodes

with m and 0.85 m, as shown in Fig. 4. This sug-

gests that a simple hard threshold DSM is not adequate to ac-

count for the nonlocal behavior in our p-n diode. While the hard

threshold DSM correctly predicts a reduction in excess noise

with decreasing the detailed agreement is poor. It is possible

to improve the fit to the experiment results with different values

of ionization coefficients and threshold energies but satisfac-

tory agreement with both the multiplication and excess noise in

structures with nonuniform electric fields is unlikely. An alter-

native to the simple hard threshold dead space model is thus re-

quired to account for the strong nonlocal effects found in struc-

tures with highly nonuniform electric fields.

Let represent the ionization coefficient at position

of an electron injected cold at an upstream position .

will depend on the varying electric field which heats

the electron as it travels from to , although the effect of the

field at the more recent points on the trajectory will clearly be

more important. McIntyre [13] recently proposed a method of

accounting for this ’history dependence’ of the ionization coef-

ficient by supposing that the value of can be described

in terms of an effective electric field, at the ion-

ization position, . is calculated as a sum over the

fields, felt by the electron along its trajectory, ,

weighted by a correlation function , which emphasises the

carrier’s more recent history. Thus

(3)

where is normalized to unity by

(4)

The dependence of upon the effective field,

is taken as that of the equilibrium ionization coef-

ficient on a constant electric field, , for distances long

after the dead space. This is conveniently parametrised by

, where and are constant

fitting parameters.

McIntyre proposed a Gaussian correlation function,

, with a correlation length,

chosen so that in a constant electric field, ,

reaches one half of its equilibrium value, after the

ballistic dead space, , where is the

electron threshold energy for ionization. As a result is given

by the expression

(5)

Over the range of electric fields and parameters we consider

the denominator is of order unity and we take, to a reasonable

approximation,

(6)

so that the correlation length is just given by the dead space in

the electric field at position . This dependence of correla-

tion length on position on the trajectory is included in evaluating

the effective electric field, .

The probability distribution function for ionization is then

given by

(7)

Similar arguments apply to holes. Once the probability of

ionizing for both electrons and holes in this history-dependent

model are calculated the multiplication and excess noise factor

can be calculated by solving the recurrence equations as given

in [22], [23].

In this history-dependent model, for devices with

– m, the electric field is assumed to be

constant with negligible depletion into the cladding regions

while the SIMS doping profile was used to calculated the

electric field in the two thinnest layers with m and

0.049 m. Ionization threshold energies eV and

eV give good fit to our measured results and are

approximately twice the bandgap. The values of , ,

, , and , where and are the constant fitting

parameters of the hole ionization coefficient, are summarized

in Table II. Excellent agreement was achieved for the multipli-

cation in all layers as shown in Fig. 6. The calculated excess

noise is now also in excellent agreement with the experimental

results for all except the two thinnest layers. The calculated

in the layer with 0.049 m is slightly higher than

measured but in the thinnest layer with 0.026 m, the

calculated is significantly higher than the measured. The

reason for this is not obvious at present. A small change to the

electric field profile had no significant effect on although
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Fig. 6. Comparison between the modeled multiplication factors using the
history-dependent model (solid lines), and the experimental results (symbols)
for Al Ga Asp in diodes with w = 0.85 �m (�), 0.49 �m ( ),
0.09 �m (�), 0.049 �m (r), 0.026 �m (�), and n ip diodes with w =
0.51 �m ( ), and 0.14 �m ( ), together with the p-n diode (�).

it appeared to change more substantially in these layers.

The discrepancies between the calculated and measured values

of may be due to inaccuracies in the parameters given in

Table II at very high electric fields since the peak electric field

in these two layers is 1000 kV/cm. Note that using different

values of and as a result of increasing or decreasing

at fields 1000 kV/cm could give a better fit to the

measured value of in the p in diodes with 0.026 m

and 0.049 m. However, increasing or decreasing will

also result in a higher and lower at the same electric

field. This is not realistic since and are very similar at

such high fields and consequently, we cannot arbitrarily alter

and . Therefore, measured data for , , , and

are essential in order to obtain unambiguous expressions

for and .

To test the history-dependent model further, we used this

model with the parameters shown in Table II to compare with

the measured data from the highly nonuniform electric field

in the p-n diode. Figs. 6 and 7 show the good agreement

obtained, although this model predicts slightly higher just

below breakdown. The results show that this model is able

to account for the nonlocal behavior of impact ionization

in both the uniform and nonuniform electric field structures

in all except the two thinnest layers. The history-dependent

ionization coefficients used in this model are also plotted in

Fig. 8 and compared to the expressions given by Plimmer et

al. [12]. These ionization coefficients are only slightly higher

than those given by Plimmer et al., obtained using a Monte

Carlo technique to reproduce their multiplication results in

a wide range of . Therefore, this model can be used to

extract the “microscopic” ionization coefficients and

, which can be used in recursion equation modeling.

The correlation function in this history-dependent model also

tracks the history of the carriers in a more realistic manner

Fig. 7. Modeled excess noise factor (solid lines) using the history-dependent
model for Al Ga Asp in diodes with w = 0.85 �m(�), 0.49 �m ( ),
0.09 �m (�), 0.049 �m (r), 0.026 �m (�) and n ip diodes with w =
0.51 �m ( ) and 0.14 �m ( ), and for the p-n diode (�).

Fig. 8. Comparison of the fitted ionization coefficients for electrons (�) and
holes ( ) in the history-dependent model with the expression given by [12]
(closed symbols).

than a simple hard threshold DSM giving better fits to the

experimental results.

VI. CONCLUSION

Pure electron and hole-initiated avalanche multiplication

and excess noise measurements were performed on a series of

diodes with ranging from 0.85 m down to

0.026 m and also on a p-n diode. The excess noise was found

to decrease as decreases in these layers in a manner similar

to that in GaAs and for 0 to 0.3 reported

previously. This is attributed to the increased importance

of dead space as decreases, which results in a narrower

ionization probability distribution function and hence a more
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deterministic multiplication process. The p-n diode, which

has a highly nonuniform electric field exhibited and very low

noise, is comparable to the excess noise of a p in diode

with 0.09 m in spite of having a wider depletion width of

m. The wide band gap of enables very

thin structures with negligible tunneling currents to be realized,

and consequently, extremely low noise can be achieved.

Avalanche multiplication and excess noise was modeled using

a hard threshold dead space model and a model that incorporates

the electric field history of an ionizing carrier. The DSM was able

to reproduce the measured multiplication and excess noise quali-

tativelybutwasunsatisfactoryin theverythinstructuresandin the

p-n diode. A much better fit to our measured multiplication and

excess noise was obtained using the history-dependent model,

suggesting that the nonlocal behavior has been appropriately ac-

countedfor.Althoughthehistory-dependentmodelcangivegood

fits to measured results without using the ionization coefficients

as input parameters, data from both electron and hole-initiated

avalanche processes is needed to provide unambiguous expres-

sions for and .
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