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Abstract—We have performed electron initiated avalanche operate at electric fields of~400 kV/cm, for whichk is
noise measurements on a range of homojunction InPpi-n*  gpproximately 2. To obtain a largér value and thus lower
diodes with *i" region widths, w ranging from 2.40 10 0.24um.  4ice in these structures very thick avalanche regions with

In contrast to Mcintyre’s noise model a significant reduction | ting field ded. H thi Id not
in the excess noise factor is observed with decreasing at ower operating lields areé needed. However, this would no

a constant multiplication in spite of @, the electron ionization Pe practical because of the high operating voltages required
coefficient being less tharg, the hole ionization coefficient. In the for multiplication and also because of the longer avalanche
w =0.24 pm structure an effective 8/« ratio of approximately  response time [6]. Alternatively multiquantum-well (MQW)
0.4 is deduced from the excess noise factor even when electrongy ajanche regions have been implemented as a way of ob-
initiate multiplication, suggesting that hole initiated multlpllc_:a- taining an enhanced [11]. However, these structures also
tion is not always necessary for the lowest avalanche noise in . . : : ' A
InP-based avalanche photodiodes. required high operating voltages and only electrons can ini-
tiate multiplication for low avalanche noise. We have shown
recently [7] that GaAs p-i-nt and n"-i-p™ diodes with thin
(<1 pm) avalanche regions operating at high electric fields
can also exhibit low excess noise, independent of the initiating
. INTRODUCTION carrier, despite the fact thdt ~ 1 at these fields. This low

HE InGaAs—InP separate absorption and multiplicatioicise was explained by a model which took account of the
avalanche photodiodes (SAM-APD's) offer higher serincreased influence of the dead spatghe minimum distance

sitivity detection in long wavelength optical communicatio@ carrier must travel in the electric field to initiate an ionization
receivers compared to conventional InGaAs p-i-n diodes bevent) in these thinner avalanching structures. The dead space
cause of the internal gain provided by impact ionization. Suéi@rrows the probability distribution for ionization path length
SAM-APD’s use InGaAs for the photon absorption materi@nd so makes the multiplication more deterministic [8].
and the wider bandgap InP for the avalanching region toln this letter, we report measurements of the electron
obtain a device with high gain and low dark current [1]initiated multiplication and associated avalanche noise in a
Two main problems limit the performance of SAM APD’s;series of InP p-i-n* diodes with avalanche widtha, ranging
first even with very low dark currents the sensitivity of affom 2.40 to 0.24um. In thick devices ¢ = 2.40 um), the
APD is ultimately limited by multiplication noise due to theavalanche noise follows Mcintyre’s analysis, but in the thinner
stochastic nature of the impact ionization process, and secél@yices (v < 1 um) the avalanche noise is significantly lower
the avalanche buildup time limits the speed. Avalanche noiséfi@n predicted by this model. In addition, we perform electron
Commomy described by Mc|ntyre’5 [2] avalanche noise modmitiated multiplication on a commercial InGaAs—InP FUjitSU
which predicts that for a material to exhibit low noise the rati®&AM-APD for comparison.
k = 3/« of the hole to electron ionization coefficient$,and
«, respectively, must be either much smaller or much greater
than unity and the more readily ionizing carrier must initiate
multiplication. The InP pr-i-nT structures were grown by conventional

In InP, k is approximately 4 at electric fields of 240 kv/cmmetal-organic vapor phase epitaxy (MOVPE) oh (100)
and decreases to 1.3 at 770 kV/cm [3]-[5]. In commerci#tP substrates and comprised ah mP buffer, 0.50um of
SAM-APD’s holes initiate the multiplication process in thet (Si) InP, an undoped InP avalanche region of widtland

typically 1 — 1.5um-long InP multiplication region and finally a 0.60xm InP pt (Zn) layer. Circular mesa diodes of
50-2001m radius with annular top contacts for optical access
were fabricated from these layers. Current versus voltage
Manuscript received October 6, 1998; revised November 23, 1998. THif—V') characteristics were measured in the dark using a
The authors are with the University of Sheffield, Department of ElectronEc kd | Th i-n+ diod had i . idth
and Electrical Engineering, Sheffield S1 3JD, U.K. reakdown voltage. e+p"n lodes had I-region W'_ ths
Publisher Item Identifier S 1041-1135(99)01863-7. of w = 2.40, 0.90, 0.48, 0.33, and 0.24 um, as determined
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Multiplication, M
Excess noise factor, F

Ciication. M
Reverse bias, Volts Muitiplication,

2. Excess noise factor dependence on multiplication, for the SAM-APD
and a range of InP-i-nt structures with nominal avalanche widths:

w = 2.40 pm (e, 0), 0.90xm (m, O), 0.48um (4, A), 0.33um (¥, V),

Sﬁhd 0.24um (¢, ©). Solid symbols represent experimental results while,
open symbols are predicted using Mcintyre's noise model and the ionization
coefficients of Amiento [3]. Solid lines are Mclintyre's predictions with
increasing from 0 to 2.4 in steps of 0.2. Excess noise measurements were
only performed up ta\/ = 3 on thew = 0.48-um device because excessive
reverse leakage currents saturated the measurement system.

Fig. 1. Measured electron initiated multiplication (symbols) dependence Eé'%
reverse bias, for a range of InPrg-nt’s and the commercial SAM-APD
(broken line). Solid lines are the predicted multiplication characteristics fro
(1) using the ionization coefficients of Amiento [3] with avalanche width
w = 0.24 pum (¢4), 0.33um (¥), 0.48um (4), 0.90 um (m), and 2.40
pm (o).

both by capacitance voltag€'¢}’) measurements and from

their multiplication characteristics, as described below.
light which produced identical multiplication characteristics

confirming pure electron injection had been achieved. All

devices attain a multiplication of at leakt = 7. As expected
Avalanche multiplication measurements were performed ugre thinner avalanche regions require higher electric fields to

ing a noise measurement system with a center frequency ofgdhieve the same multiplication and they break down at a

MHz and a noise effective bandwidth of 4.2 MHz [7]. TwQower reverse bias.

lock-in amplifiers were used to distinguish unambiguously the Ana|y5i5 of C=V measurements showed that there was some

photocurrent and multiplication noise from the system noigfiffusion of the p~ zinc into the i-region of the p-i-n*

and dark current noise. Optical injection was provided by dlodes, effectively reducing the nominal i-region thickness and

633-nm He-Ne laser focused to a spot onto the t6plP  rounding the electric field profile. To allow comparisons to be

cladding layer. At this wavelength the absorption coefficiemfade, equivalent idealpi-n* widths w were determined as

of doped InP is~63 x 10* cm™" [14] and <2% of the light follows. In an ideal g-i-n+ diode M. can be expressed as [9]
reaches the high field through the Quér pt capping layer.

-1
To determine the dependence of multiplication on reverse bias  ;, _ <1 L@ (exp(—(a— B)w) — 1)> (1)
a reference forl/ = 1 was deduced by linearly extrapolating ¢ a—pf

the gradient of the b|as_ d_epe_ndence of photpcurren_t at f'eWﬁerea and 2 are the ionization coefficients at the uniform
below the onset of multiplication. Although this gradient wag

. : erating electric field an@ is the avalanche width. Using
small in all structures the extrapolation serves to compens E

for the | : lecti fici  the hiah field reqi viously measured ionization coefficients for InP [3] with
or the increase in coliection efficiency ot the nigh held regiolls 5, adjustable parameter, (1) was able to reproduce accu-

resulting from cladding layer depletion. The excess no'?ﬁtely the measured avalanche multiplication characteristics as

factor, /', was determined from the noise power measuremenjs, - by the solid lines in Fig. 1. These valuessofiiffered
using the method described previously [7] and calculated USi89 less than 10% from the maximum depletion values obtained
F = i.q/M?i,, wherei., is the equivalent photocurrent of thef om C—V measurements

silicon p-i-n diode that produces the same noise power as t n Fig. 2 the measured dependencefofon M is plotted

device under Fest (DUT)M_iS_ the average multiplication of (filled symbols) and compared with Mcintyre’s model [2] for
the DUT, and:, the unmultiplied primary photocurrent. F(M), given by

I1l. DEVICE CHARACTERIZATION

IV. RESULTS F(M)=kM +(2-1/M)(1 - k) (2)

The dependence of multiplication on reverse bias for tHer various values oft (solid lines). Predictions of'(M)
pT-i-nT diodes and the SAM-APD are shown in Fig. 1. Irfrom (2) for the ideal g-i-n* diodes using: obtained from
the pt-i-nt diodes electron initiated multiplication measurethe bulk ionization coefficients [3] and with electron initiated
ments were performed using 542- and 633-nm wavelengtiultiplication are also plotted in Fig. 2 (open symbols). These
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predictions are insensitive to small variationswinsince the than does multiplication, as suggested by our modeling of these

3/« ratio is almost constant over a small field range. quantities using different PDF’s for ionization path length [10].
For thew = 2.40-pm pt-i-nt diode the measured noise These results suggest that subject to the limitations of

figure is consistent with pure electron injection, givihg= tunneling current, the design of low noise SAM-APD’s should

2.4, in Mclintyre’s model which is in good agreement wittuse thin avalanche regions. From our data, an avalanche region

the previously measured ratio of ionization coefficients [3}elow0.5 ;sm is expected to require a lower operating voltage,

at the average operating electric field. This confirms thegsult in lower noise than a typical = 1-1.5 um SAM-APD

B > « in InP at this field and suggests that holes shouktructure, and exhibit a fast pulse response [6].

be injected to minimize avalanche noise. For the thinner

(w < 1 um) devices thel’(M) characteristics predicted by VI. CONCLUSION

the measured’/« [3] show a reduction inF' because the

X . . . We have shown that in thick InPw( = 2.40 pm) p-
3/« ratio approaches unity as the field increases. However, L L .
' S ) L I-ii diodes, electron initiated multiplication exhibits a large
in principle, these predicted characteristics should never fall

below the  — 1 line since @ > a even at the highest avalanche noise as expected, corresponding 1o «. How-

g . } ) ever, avalanche noise measurements on submicrometer InP
field encountered in the thinnest device [3]. In contrast, tr(lle . .

. L iodes show that the excess noise decreases with decreas-
measured noise characteristic falls to thex 0.7 curve

. ing avalanche width even when electrons, the carriers with
for the w = 0.90-um device and decreases further to th o - L S .
; e lower ionization coefficient, initiate multiplication. This
k =~ 0.4 curve for thew = 0.24-pm device. It would

) . ; . . ... reduced noise is attributed to the effect of dead space which
be impossible to achieve this low noise characteristic in . R X

. . T . results in a more deterministic ionization process. This result
such a thin structure with any type of injection accordin

to Mcintyre’s noise model [2]. The commercial SAM-APDHaS important implications for the design of InP-based SAM-

is designed to detect 1.3-1,6m wavelength light which APD’s, V\.'h.'(?h can ac_hu’-_zve_low noise with e"hef hole_ or
. . electron initiated multiplication provided the multiplication
passes through the p+ InP cap where it is absorbed in a Iow

field InGaAs region resulting in hole initiated multiplication.reglon 's thin.
633-nm wavelength light however, is absorbed in the p
InP capping layer producing electron initiated multiplication
corresponding tok ~ 1.4 on Mcintyre’s model. This is [1] K. Nishida, K. Taguchi, and Y. Matsumoto, “InGaAsP heterostructure

; it inlicati ; avalanche photodiodes with a high avalanche gafmppl. Phys. Lett.,
expected since hole initiated multiplication gives an excess vol. 35, pp. 251253, 1979,

noise typically corresponding tb/k = 0.6 — 0.7. Therefore, [2] R. J. Mcintyre, “Multiplication noise in uniform avalanche diodes,”
electron initiated multiplication in ther = 0.24-um structures IEEE Trans. Electron. Devicespl. ED-13, pp. 164-168, Jan. 1966.

. . . - - [3] C. A. Amiento and S. H. Groves, “Impact ionization in (100)-, (110)-,
is actually quieter than the noise figure for commercial SAM- and (111)-oriented InP avalanche photodioddsppl. Phys. Lett yol.

APD’s [12] with hole initiated multiplication. 43, no. 2, pp. 333-335, July 1983.
[4] L. W. Cook, G. E. Bulman, and G. E. Stillman, “Electron and hole
ionization coefficients in InP determined by photomultiplication mea-
surements,’Appl. Phys. Lett.yol. 40, no. 7, pp. 589-591, 1982.
V. DISCUSSION [5] I. Umebu, A. N. M. M. Choudhury, and P. N. Robson, “lonization

) ; ; coefficients measured in abrupt InP junction8gpl. Phys. Lett.yvol.
Although Mcintyre’s model [2] is generally used to quantify 36, no. 4, pp. 302-303, Feb. 1980,

avalanche noise results, it is only apprgpriqtquifis much  [e] B. F. Levine, “Optimization of 10-20 GHz avalanche photodiodes,”
greater than the dead spa¢eThe model implicitly assumes . :(EEFE E_holtjon.STeS:h. Litt\é?l' R8, So. %jl, gp.JlSRZB—15§0,CNc¥/. 199% \

HR . Fo L, DS 0Ong, Jo PR Davia, G. J. Rees, R. C. lozer, P. N.
tha_t th(_e ionization pro_bablhty of a carrer 1S In_dEpenden Robson, and R. Grey, “Avalanche multiplication noise characteristics in
of its history and predicts that carrier feedback is the most thin GaAs pr-i-nt diodes,”|EEE Trans. Electron. Devicespl. 45, pp.
detrimental mechanism to avalanche noise. For the thinner 2102-2107, Oct. 1998.

. . . [8] D.S. Ong, K. F. Li, G. J. Rees, G. M. Dunn, J. P. R. David, and P. N.
devices reported here, becomes an appreciable fraction of Robson, “A Monte Carlo investigation of multiplication noise in thin

w SO that the probability distribution function (PDF) for ion- pt-i-nt GaAs avalanche photodiode$ZEE Trans. Electron. Devices,
ization path length narrows, resulting in a more deterministii/ vol. 45, pp. 1804-1810, Aug. 1998.

S . G. E. stillman and WolfeSemiconductors and Semimetal®lew York:
ionization process and hence a reduced noise, as we haVe pcagemic, 1984, vol. 22, ch. 1, p. 177.

previously shown in thin GaAs diodes [7]. Although only{10] D. S. Ong, K. F. Li, G. J. Rees, J. P. R. David, and P. N. Robson,
the reduction in noise with electron initiated multiplication is " Simple model to determine multiplication and noise in avalanche

. . . photodiodes,’J. Appl. Phys.yol. 83, no. 6, pp. 3426-3428, Mar. 1998.
shown here we would expect a similar behavior with holg1) T. kagawa, Y. Kawamura, and H. Iwanmura, “InGaAsP-InAlAs super-

initiated multiplication since the same mechanism acts to lattice avalanche photodiodelEEE J. Quantum Electronyol. 28, pp.

; ; 1419-1423, June 1992.
reduce the noise as we have shown in GaAs [7] [12] Fujitsu, Ltd. (July 1998). “InGaAs avalanche photodiodes data sheet,

It is interesting to note that a reduction in noise below ~ model FPD5W1KS, at M= 10 F = 6.3 max,” Fujitsu FPDSW1KS Ap-
that predicted by Mcintyre’'s model occurs for devices with  plication Notes, 1st ed. [Online] Available www. http:/www.fujitsu.com
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