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The noise of an Ing «; Gag 4, As/Ing 55 Al g As superlattice avaianche photodiode is measured
at 700 MHz as a function of applied reverse bias voltage. From the measured data the ratio k&
of the hole to electron impact ionization coeflicients is determined. This ratio is equal to 6 in
the field range (0.8-2.3) X 10 V/cm; beyond this range & decreases with increasing field. The
field dependence of & is atiributed to 2 transiticn from ionization across the valence-band-edge

discontinuity to band-tc-band ionization.

Recently, renewed interest has been given to pt-i-n*
avalanche photodiodes (API’s) because superlattice 7 re-
gions are able to enhance the difference between the impact
ionization coefficients & and B for electrons and holes, which
is an essential requirement for low-noise photodetection.

Since the superlattice APD structures were first pro-
posed,’ experimental evidence of enhancement of the ioniza-
tion coefficient ratio has been reported with values of a/F up
to 8 for GaAs/AlGaAs APD's.”? This enhancement of the
ionmization coefficient ratio is attributed to the fact that the
conduction-band discontinuity is larger than the valence-
band discontinuity,? and as a result electrons gain more ki-
netic energy in traversing a heterojunciion interface than
holes do. Since this sudden gain in kinetic energy increases
the probability for impact ionization, ¢ becomes larger than
£. More recently, Capasso ef af.* fabricated Ing; Gag e, AY
Ing s, Al s As superlattice APDYs and reported that
a/f=0.05. This result is surprising since it cannot be ex-
plained with the model discussed above. Capasso ef a/. point-
ed out, however, that for this structure and for the fieid range
considered, the impact ionization of hot carriers with carri-
ers thermally generated and dynamically stored in the guan-
tum wells is responsible for the low field multiplication. This
mechanism was first discussed by Smith ez a/° and later by
Chuang and Hess.® Since the valence-band discontinuity
AE, is much less than the conduction-band discontinuity
AE. at an Ing s, Gag ., As/Ing 5, Al g As interface, the hole
confinement is weaker than the electron confinement. As a
conseguence the holes get released more easily than the elec-
trons from the quantum: wells. This mechanism is referred to
as “ionization across the band-edge discontinuity.”

In our study we used an undoped Ings; Gag 4 AS(S0
Zi)/’lno_52 Aly g AS(90 A) superlattice structure. The im-
pact lonization coefficient ratio presented in this letter was
determined from noise experiments for electric field
strengths ranging from 0.8 X 10° to 2.7 X 10° V/cm. The ex-
perimental data indicate that for a fraction of this range
(0.8-2.3) X 10° V/cm, impact ionization across the valence-
band-edge discontinuity is responsible for the avalanche
multiplication.

As shown in the insert of Fig. 1, our devices are mesa
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pt-i-n™ structures. A 2-um-thick n'-In, o, Gag 4, As layer
lattice matched to an # " -InP substrate was grown, followed
by a 1.8-um-thick undoped In, ., Gag 4, As/Ing s, Al 4 As
superlattice region consisting of 100 alternating layers and a
2-pm-thick p¥-Ing 3 Gag 4, As layer for the photoabsorp-
tion. For these mole fractions the band-edge discontinuities
at the heterojunction interfaces are 0.5 eV for the conduc-
tion-band edge and 0.2 eV for the valence-band edge.” The
samples were grown using molecular beam epitaxy (MBE).
The top layer of the p*-i-n™ diodes is lluminated by a 1.3-
pm InGaAsP light-emitting dicde. An optical fiber was used
to guide and focus the beam on the APIYs. The narrow gap
(E, =0.75 eV} InGaAs material absorbs most of the in-
coming light, resulting in pure electron injection into the
high field superlattice region where multiplication takes
place.

Dark current and photocurrent measurements with
continuous ilumination were performed as a function of re-
verse bias voltage, and the results are shown in Fig. 1. The
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FIG. 1. Dark current and photocurrent characteristics. The insert shows
the device configuration and the band diagram of the superlattice structure.
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rapid increase in the photocurrent between O and 10 V is due
to the enhanced collection of photogenerated carriers across
the superlattice region with increasing electric field.® Above
15V the dark current increase is in part due toimpact iontza-
tion and in part due to the Zener effect taking place in the
guantum wells. The device temperature was 300 K during
our experiment.

Noise measurements perfornied between 10 Hz and 25
kHz at room temperature revealed large excess noise levels,
probably associated with trapping and detrapping of carriers
in quantwn wells or traps. These large noise levels result in
corner frequencies well above 1| MHz, and a high-frequency,
low-noise receiver system had to be designed to measure the
noise associated with avalanche multiplication. We com-
bined the advantages of Gasquet’s circulator method® and
Dicke’s modulation technique'® to build a receiver with a
detection limit of 107° A equivalent noise current and a
bandwidth ranging from 500 to 1000 MHz.

Figure 2 shows our experimental setup. The device is
mounted on a 50-8} microstrip line with a 50-{} termination.
By slowly (0.2 Hz) switching between port 1 and port 2 of
the microwave switch, the current noise generated in the
APD is compared with the reference noise source and aver-
aged for a long time interval. In this way the weak current
noise signal which is much smaller than the thermal noise
generated in the 50-(% load resistor can be extracted from the
background noise.

In Fig. 3 we present the current noise spectral density
measured at 700 MHz versus illuminated diode current.
Measurements at other frequencies between 500 and 1000
MHz gave similar results, indicating that the noise is inde-
pendent of frequency.

A common way to express the current noise S; of an
APD s

S, = 2el, M°F, (0

where M is the multiplication factor defined by the ratio of
output current over the primary current and £ is called the
excess noise factor. The primary current 7, is determined
from the breakpoint in Fig. 3 where the slope of S, vs I,
changes abruptly due to the onset of avalanche multiplica-
tion. From Fig. 3 we find 7, = 1.6 uA.

In terms of McIniyre’s theory'! for band-to-band ioni-
zation, F is given by

F=M{l—-QO—-I(M-1)/M1} (2)
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FIG. 2. High-frequency noise measurement setup.
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FIG. 3. Measured current noise spectral density vs diode current. Regimes
1, 2, and 3 represent different modes of device operation.

for the case when the primary carriers injected into the ava-
ianche region are electrons. The factor k isequalto B /a. We
assume that Eq. (2) also predicts the excess noise caused by
ionization across the band-edge discontinuity. In our device,
for example, a hole-initiated band-edge ionization triggers
the release of a dynamically stored electron from the corre-
sponding quantum well in the conduction band. This release
of an eleciron is required to preserve current continuity.
Therefore, ionization across the band-edge discontinuity can
be effectively described as a three-particle, band-to-band
tonization process and MclIntyre’s formalism should apply.

In Fig. 4 the experimental values of F as calculated from
Eq. (1) are plotted versus the multiplication factor M. Also
included are theoretical curves for F calculated using Eq.
{2). Note that a breakpoint occurs at {;, = 6.5 uA or
Vipp =41 V, which corresponds to an electric field of
2.3x10° V/cm. Beyond this point the curve of F vs 3 be-
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FIG. 4. Excess noise factor vs multiplication. The solid lines indicate theo-
retical curves for different values of &."!
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comes flat and approaches the curve for & == 1. This means
that the difference between £ and « becomes smaller with
increasing bias. To explain these resulis, we introduce three
different regimes of operation for this superlaitice APD (see
Fig. 3).

Regime I: 0< V<15 V. No multiplication occurs and
the noise is equal to full shot noise.

Regime 2: 15 V <« V<41 V. The onset electric field of
avalanche multiplication is 8 X 10* V/cm, which is in good
agreement with the value reported by Capasso.* This multi-
plication at low field strengths and the enhancement of £
over ¢ are strong indications that impact ionization across
the band-edge discontinuity is taking place. Ionization
across the band-edge discontinuity is dominant in the va-
lence band because the valence-band discontinuity
(AE, = 0.2 ¢V} is smaller than the conduction-band dis-
continuity (AE, = 0.5 eV)"; consequently, A is larger than
@, since it is easier to ionize holes than electrons from the
qguantum wells.

Regime 3. 41 V < V. Band-to-band ionization seis in,
making o and £ roughly equal and thereby reducing the
value of k. In addition, at these high bias levels the jeakage
current becomes guite large, mainly due to the Zener effect.
This resuits in mixed current injection into the avalanche
region and limits the validity of our discussion, which as-
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sumes pure electron injection. Note that the high field break-
point in the F vs M curve occurs at 2.3 X 10° V/cm, which is
very close to the value of 2.5 X 10° ¥/cm Capasso et al. ob-
tained!? for the onset of band-to-band ionization.
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