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Excess Noise Characteristics ofpAlGa) oAs
Avalanche Photodiodes

B. K. Ng, J. P. R. DavidSenior Member, IEEE, R. C. Tozey Senior Member, |IEEE, M. Hopkinson, G. Hill, and
G. J. Rees

Abstract—The avalanche noise characteristics of AlsGap.2As a large«/ ratio and exhibits low excess noise. Measurements
have been measured in a range of p-i-n and n-i-p diodes with i-re- carried out by Zhengt al. [10] also showed that the excess noise
gion widths w varying from 1.02 to 0.02 um. While thick bulk g5 glectron initiated multiplication in AlsGay.»As diodes
diodes exhibit low excess noise from electron initiated multiplica- _ ., . . . A
tion, owing to the large«x /B ratio (1/k), the excess noise of diodes with i-region .thlcknes_se.s of 9'65 and O'J‘@ IS Iow_er than
with w < 0.31 pm were found to be greatly reduced by the effects that from devices of similar thickness, but with aluminum com-
of dead space. The thinnest diodes exhibit very low excess noisepositionsz < 0.6. These results suggest thatcAlGay 2As
corresponding tok = 0.08, up to a multiplication value of 90. In  may constitute a suitable avalanche material. However, APD de-
co_ntrast to most IlI-V mat_erla}ls, it was found t_hat both thick and signs using A} sGa »As as the avalanche medium will require
thin Al ¢ s Gag.2As multiplication layers can give very low excess . . . .
noise and that electrons must initiate multiplication to minimize a bette.r knowledge of the excess noise behavior of this material.
excess noise, even in thin structures. In this letter, we report measurements of the excess avalanche

noise of a series of AlkGa 2As homojunction p-i-n/n-i-p
" diodes with i-region thicknesses ranging from 1.02 to Q.62
Excess noise characteristics under both electron and hole injec-
tion conditions from the same diode have also been measured
. INTRODUCTION using a heterojunction p-i-n structure. The excess avalanche
HE ADVANTAGE of avalanche photodiodes (APDs) lieqhoise behavior of AJsGay2As as a function of the carrier
T in their internal current gain mechanism which can imhjection type and avalanche width are presented and discussed.
prove the signal-to-noise ratio of photodetection systems [1].
However, this advantage also carries the penalty of excess noise II. NOISE MEASUREMENT
arising from the stochastic nature of the avalanche process. The _ ) ) )
conventional local noise model [2] relates the avalanche noise’ e diodes in this work have been reported in [11].
of a material to its multiplication factabZ, and the ratio of its The ¢—region thicknesses of the homojunction p-i-n and
hole to electron ionization coefficients= 3/a. This modelin- N-i-p diodes arew = 1.02,0.31,0.10,0.03,0.02pm and
dicates that low excess noise can only be achieved in materfsls = 1.01,0.09um, respectively, while the heterojunction
with very disparate ionization coefficients and that the carri@i-n structure has = 0.82 um. The avalanche multiplication
type with the larger ionization coefficient should be used to infnd excess noise were measured using the method described
tiate multiplication. This is, however, only true for thick bulkPreviously by Li et al. [4]. Photogenerated carriers were
structures and recent work [3]-[7] has shown that thin devicB§€cted into the high field region of the diodes by focusing
can also exhibit low excess noise, regardless of the initiatifgPdulated light from a laser to a small spot onto the optical
carrier type, owing to nonlocal effects. access windows. The noise measurement system utilizes two

APDs for use at the telecommunication wavelengths of 1/@ck-in amplifiers to measure independently the photocurrent
and 1.55;m are InP-based, where InP and InGaAs are us@fd the avalanche noise power of a diode. This phase-sensitive
as the multiplication and absorption media, respectively. Gadetection technique allows us to distinguish unambiguously the
based APDs operating at these wavelengths are also now g¥tocurrent and multiplication noise power from the compo-
sible by using GalnAsN [8], which can absorb telecommunic&€Nts not arising from the modulated injection. The avalanche
tions wavelength light and is lattice-matched to GaAs. Howevé&*Cess noise of the diodes was measured at a center frequency
GaAs-based APDs operating at such long wavelengths will alRb10 MHz and a noise effective bandwidth of 4.2 MHz.
necessarily require a separate avalanche region comprising thglectrons (holes) are injected into the high field region of the
wider band gap GaAs or ABa;_,As to reduce tunneling cur- homojunction p-i-n (n-i-p) diodes by illuminating the tog™p
rents. We have recently shown that bulk,AGa, »As [9] has (n") cladding with 442-nm wavelength light, which is strongly

absorbed [12] in the Lsm-thick top cladding. In the case of the

M . . o p,eterojunction p-i-n structure, both pure electron and hole initi-
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Fig. 1. Excess noise fact@#") versus multiplication factof}/) measured Fig. 2. Excess noise fact¢#") versus multiplication factof)/) measured
in Al 5Ga .2As p-i-n diodes with measured of 1.02pm (o, ), 0.82um  in Al 5Ga,. 2As n-i-p diodes with nominalv of 1.01um (o, ¢) and 0.09:m
(v, ¥),031um (0O, W), 0.10um (A, A), 0.03um (, ) and 0.02um (A, A). Open and closed symbols of the homojunction structures are results
(hexagons). Open and closed symbols are results obtained from pure electdmtained from pure hole and mixed carrier injection with 442- and 542-nm
and mixed carrier injection with 442- and 542-nm wavelength light respectivelyavelength light respectively. Excess noise from pure hole injection in the
Dashed lines are predictions from Mclintyre’s local modekfer 0 to 1in steps heterojunction structure withv = 0.82 pm (V) was obtained with 633-nm
of 0.1 andk = 2. light. Dashed lines are predictions from Mcintyre’s local modelffpk = 0

to linsteps of 0.11/k = 2 and1/k = 3.

The excess noise factéfwas determined from the measureqion of 90, as depicted in Fig. 1. In addition, the excess noise in

. N 2. S .
NOise power using” = icq/M ‘pr \.Nher.eLeq IS the gquwalent the thinnest diode is, to the best of our knowledge, the lowest
photocurrent of a reference Si p-i-n diode that gives the same

. . . . reported to date for 1lI-V materials. The high multiplication
noise power as the diode measured gnds the unmultiplied

primary photocurrent [4]. The value ¢f, used was varied be- values also show that the dark currents in the thin structures are

tween 5 nA-1.:A to ensure that the circuit was not saturatedery low, even when they are biased négq. Mixed carrier
ection using 542-nm wavelength light on the p-i-n diodes re-
during measurement. Several diodes across each layer were a o]

ulted in a larger excess noise for all thicknesses. In the thinnest
measured and the results were found to be consistent and rear
ducible. ode withw = 0.02 um, the excess noise increased-b§0%

with k. increasing from 0.08 to 0.13, when 542-nm I|ght is
used.

For hole initiated multiplication, the excess noise is reduced
Figs. 1 and 2 show the measurédversusiM of the p-i-n  from kg = 2.76 t0 kg = 1.69 whenw decreases from 1.01
and n-i-p diodes under different injection conditions. The exe 0.82;:m, as shown in Fig. 2. The excess noise was further
cess noise predictions from Mcintyre’s local model [2] are alseduced for thev = 0.09-um n-i-p diode, and is found to lie
plotted in these figures for comparison. These local noise psignificantly below thel/k = 1 curve. Similar to the thinner

lll. RESULTS

dictions are given by p-i-n diodes, the excess noise in the thin n-i-p diode was also
measured up to a multiplication of 90. When 542-nm light is
F(M) = kegM + <2 — i) (1 — kerr) (1) usedonthe n-i-p structures, the excess noise decrea&gsto
M 0.87 for the w = 1.01 um diodes andeg = 0.26 for the

wherek.z = k for electron initiated multiplication andey = ' 0.09 pum diodes.

1/ for hole initiated multiplication. Hereafter, we use this
(which may not correspond to the actygl« ratio) as an in-
dicator to represent approximately the measured excess noisklultiplication measurements indicate that tH¢« ratio of
behavior of a diode witld4 in order to enable a direct compar-Aly sGa 2As converges to 1 as the electric field increases [9],
ison between the excess noise of different diodes. [11]. The excess noise characteristics of diodes with 0.31

In Fig. 1, the excess noise for electron initiated multiplicationm are in qualitative agreement with the local noise model and
in the p-i-n diodes increases frolg = 0.19 to kg = 0.38 reflect the converging/« ratio in Alg sGay 2As. In contrast,
whenw is decreased from 1.02 to 0.3In. On the other hand, the excess noise in thinner diodes € 0.31 xm) reduces with
decreasingy further from 0.31 to 0.022m causes thé g to de- decreasingy, regardless of the initiating carrier type. Further-
crease from 0.38 to a very low value of 0.08. The excess nois®@re, the measured excess noise correspondingitec 1 ob-
in the thinner structures has been measured up to a multiplitained from hole injection (the carrier with the lower ionization

IV. DISCUSSION
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cation layer also has the advantages of a very low avalanche
excess noise and low voltage operation.

V. CONCLUSION

The avalanche excess noise characteristics g§@&h) 2As
have been determined in a series of p-i-n/n-i-p diodes over a
wide range of avalanche widths, varying from 1,48 down to
0.02m. The thicker structures:«( > 0.31 xm) exhibit excess
noise characteristics in qualitative agreement with Mcintyre’s
local model. As the avalanche width reduces below Q.81
the excess noise is found to decrease with decreasinggard-
less of initiating carrier type. This reduction in excess noise is
attributed to the dead space effect which causes the avalanche
process to become more deterministic in thin structures. Sim-
ilar to Si, the multiplication process in thin A{Ga, 2As APDs
must be initiated by electrons to minimize the avalanche excess

0.1 1
Measured w (um)

noise. Our results suggest that very thig &Ga, 2 As avalanche
widths can be use to achieve APDs with very high speed and

very low excess noise, without the penalty of a large tunneling

Fig. 3. kerr versus measurea under pure electrofi]) and pure holg A)
injection conditions for the range of diodes investigated. khg values
under mixed carrier injection for the homojunction p-i-n diodd®), the
homojunction n-i-p diodegA) and the heterojunction p-i-n diod@) lay
between those from pure carrier injection. The data obtained by Zétesig A
(X) [10] are also included for comparison. The dashed lines are drawn to aid
visualization.

(2]

coefficient in Al sGay 2As) in the thin n-i-p structure cannot [3]
be explained in terms of the local noise model. This nonlocal
behavior is similar to that observed in other materials [3]-[7], 4]
[10] and is attributed to the effect of dead space, the minimum
distance a carrier must travel before it gains sufficient energy to

impact ionize, becoming dominant.

A summary of the excess noise behavior of AB&) 2As is
shown in Fig. 3, where thi.; values under different carrier in-
jection conditions are plotted against The k. values under
mixed carrier injection were found to lie between those for pure
carrier injection. As shown in Fig. 3, the results obtained by
Zhenget al. [10] for Alg sGay 2 As broadly corroborate our mea- [7]
surements. The slight discrepancy may be due to uncertainties
in w or doping values. Fig. 3 suggests that, under electron initi-
ated multiplication, an avalanche width €0.31 um gives the
highest excess noise and should therefore be avoided.

The change in excess noise for all diodes when the initiating
carrier type becomes mixed is consistent with> 3 and also
with multiplication measurements [9], [12]. Unlike GaAs, the
excess noise of thin plkGay 2As diodes withw < 0.1 um [10]
changes significantly when injection becomes mixed. It is in-
teresting to note that thin Si diodes [6] also exhibit similar char-
acteristics. This indicates that it is still necessary for electrons to
initiate multiplication in thin A sGay.»As diodes to minimize [11]
excess noise.

Our results suggest that very thinAlGay 2As multiplica-
tion layers can be used to achieve very high speed APDs [13}2]
without limitation from tunneling current because of the large;; 3
bandgap. In addition, using a very thinpAlGay .As multipli-

(5]

(6]

(8]

9]

current.
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