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Transit time and avalanche buildup determine the step response of pin and avalanche photo-
diodes with very thin contact layers. It is calculated for packaged diodes mounted in a broad-
band coaxial line, and compared with measurements, yielding for a particular pin diode a rise

time of 60 ps.

Das Verhalten schneller Silizium-Photodetektoren in einer breithandigen Koaxialhalterung

Die Anstiegszeit von Pin- und Lawinenphotodetektoren mit sehr diimnen Kontaktierungs-
schichten wird durch Laufzeiteffekte und die Lawinenzeitkonstante bestimmt. Fir gekapselte
Dioden in einer breitbandigen Koaxialleitung wird die Sprungantwort berechnet und mit Mes-
sungen verglichen, was fiir eine spezielle Pin-Diode die Anstiegszeit 60 ps ergibt.

Progress in device technology has resulted in very
thin contact layers [1] reducing the influence of
carrier diffusion on the pulse response [2], [3] of
silicon pin and avalanche photodiodes. Therefore
the rise and fall times became ultimately limited by
transit time and avalanche buildup time effects.
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Fig. 1. Layer model of avalanche or pin photodiode, sche-
matic of electric,field strength £, light power P, and gen-
eration rate. g(%?: Po/(hvAwqg)e—20%, Avalanche region:
—wy = 2 < 0, optical generation and drift region:

02 < wq.

Fig. 1 shows the assumed layer model of an ava-
lanche (ntpp*) and of a pin diode structure, re-
spectively. Ifor an avalanche photodiode (APD) the
width of the multiplication region is very small
compared with the complete space-charge region
because the ionization coefficients of electrons and
holes increase very rapidly with the magnitude of
the electric field [4]—[7] (~ exp(—b/E), b being a
constant of the order 1600 kV/cm for Si), which can
be approximated by a constant Z, in an effective
avalanche region of width w,. Optical carrier gener-
- ation and damping of the incident light power is to
take place only in the drift region 0 <z <wq. The
* Dr.-Ing. W. Freude, Institut fiir Hochfrequenztech-
nik und Quantenelektronik, Universitét, Postfach 6380,
D-7500 Karlsruhe 1.

field is assumed to be constant and of height Ey, so
that all carriers, electrons, and holes, drift with the
same saturated mean drift velocity v=9 - 104 m/s.
If steep edged light pulses at rather low power
levels are to be observed, space-charge effects in the
drift region can be neglected [7], [8]. Furthermore
recombination of carriers and saturation currents
are not considered.

On these assumptions the carrier concentrations
of holes p(x,f) and electrons n(x,f) in the drift
region are given by the continuity equations (1)
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= goe~29%, A being the cross-section area of the
device, and f(f) the time function of the incident
light power Py. The solution of eq. (1) reads
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If there were no multiplication region the external
current would equal the spatial average of the
carrier density eq. (2) in the drift region. Let
f(t) = H(t) be the step function, then the step
response of the external current of a pin diode can
be written as
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q being the electronic charge, and 7q=wa/v the
transit time.

With an APD the optically generated electron
current Inq(z,t) enters the multiplication region
and initiates the avalanche process, which gives rise
to an avalanche current I,,

dIa, I Ind(x: ’t)
R 3 S

M‘L’l T1

M being the bias voltage dependent multiplication
factor and 7; the intrinsic response time in the
avalanche region. If the ionization coefficients of
electrons and holes were equal, 71 would be one
half of the carrier transit time through the multi-
plication region of width w,=271v.

The multiplied secondary carriers (holes) enter
the drift region and cause an external current, too.

The total external photocurrent is calculated to
be
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current source. The equivalent circuit of the chip is
completed by a series resistance Ry, Fig. 3a.

The chip is soldered into a ceramic S4 or pill-type
package, which fits to a broadband coaxial mount,
Fig. 2. The photodiode is reverse biased by a voltage
source of 200 V maximum. A bias resistor of 10 kQ
limits the photocurrent, so that in conjunction with
the diode-resistance-inductance (DRL) guard cir-
cuit between the inner and the outer conductor the
maximum de¢ output voltage is less than 700 mV,
well below the safe rating of sampling heads. This
guard circuit introduces a negligible amplitude error,
and a maximum phase error of 10° in the frequency
range up to 11.5 GHz, compared to the same line
without the DRL series circuit. Dynamically, the
source resistance of the bias network is reduced to
zero by two radial line sections, the first of which
has a mica dielectric (er="7) with a thickness of
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and can be represented by a current source Ipnoto ()
with the special time dependence of eq. (5). The
APD chip behaves, very coarsly spoken, like two
low-pass filters in series, the first one having a time
constant of 274 (in contrast to a pin diode without
secondary carrier generation, where 7qis a character-
istic time), and the second one determined by a
bias voltage dependent time constant M 7;. Dis-
placement currents are taken into consideration by
a barrier-layer capacitance Cgp in parallel with the
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Fig. 2. Schematic of broadband coaxial mount with S4
package Inductance produced by wrapping a thin silvered
wire around M2.3 screw.
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0.05 mm and a radial length of 3 mm; the second
of which has a BaTiOgz dielectric with a thickness
of 1 mm, a radial length of 4 mm, and a low fre-
quency permittivity of e =4000, strongly decre-
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Fig. 3. (a) Equivalent circuit of mounted APD BPW 28 (S4
package). )

(b) Computed step response of normalized photo current
and load voltage; APD BPW 28, wq = 20 um,
71 = 0.87 ps, wy = 0.2 pm, M = 38.
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asing in the GHz-range. For that reason, and be-
cause of the air gap between the mica and the
BaTiO3 line the mica line sees an open-circuit im-
pedance for frequencies between 2 GHz and 18 GHz.
The mica line dimensions are chosen to yield an
input series resonance at 10 GHz, and an input
resistance of less than 1 Q between 2 GHz and
18 GHz. Below that range the bias resistor is effec-
tively shorted by the BaTiOs line. It acts at very
low frequencies as a lumped capacitance of 7.7 nF,
which together with the load resistance of 50 Q
results in a 420 kHz low-frequency cutoff. This cut-
off frequency may be easily lowered by an external
capacitor Cext to any desired value. Indeed, with a
proper choice of the bias resistance even dc detec-
tion is possible.

For computing the equivalent-circuit [9] of the
mounted and packaged chip including the inductive
- stud (Lgtuaopt), in a frequency range up to 18 GHz,
Fig. 3a, the RF-impedance in the reference plane A
was measured without the DRL guard circuit. The
width of the APD space-charge region (BPW 28,
A KG-Telefunken) is known to be wq==20 pm, the
attenuation distance of light with A =815 pym in
gilicon is 1/(26) &~ 10 um. The intrinsic response
time of the avalanche as measured by a shot noise
investigation at 2.7 GHz gave 71 =0.87 ps (wa=
0.2 um), the value of which was used for further
computation. In contrast to this result Kaneda
and Takanashi [10] reported 7. =0.5 ps, while
Ozeki and Watanabe [11] stated 71 =0.85 ps from
the measurement of the dependence of the phase
shift of the photocurrent on the avalanche multipli-
cation.

Fig. 3b shows the computed normalized step re-
sponse of the photocurrent source Ipnoto, €q. (5),
where M =38 is assumed, and the computed nor-
malized load voltage response. The inductive stud
served just as optimum compensation for fastest
load voltage rise time without ringing. An increase
of the multiplication factor to M =126 leads to
similar curves with ¢ photo={frioaa =340 ps. An
APD produced with wq=8 pm would show a like
behaviour, but for M =38 a rise time of photo-
current and load voltage of about #;pnoto = triocad
=125 ps should be observed.

With pin diodes (wq=8 pm, Csp=1.1 pF, BPX
special, Siemens) optimum rise times of #y10aq =
125 ps are to be expected, while the photocurrent
rises with f;photo = 60 ps. Pin diodes with smaller
light sensitive area (wq=38 pm, Csp=10.2 pF) are
computed to have the fastest load voltage rise time
of tr10aa = trphoto = 60 ps when optimally compen-
sated, as is supported by experiments [1].

Measurements of the step response of photodio-
des are rather difficult, because a light source
with a clean step output of 100 ps rise time is not
easily available. On the other hand steep pulses
with widths in the order of the rise time can be
obtained from a GaAs injection laser with strong
spiking. The drawback is that no stationary state
can be seen from the output of the detector under
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test and therefore no meaningful rise time can be
defined.

To overcome this trouble a fast reference pin
diode [1] was used to monitor the spiking light
signal. This detector had the above mentioned
calculated rise time of 60 ps and was assumed to
indicate the true light signal. If the detector system
rise time was 60 ps indeed, a maximum error of 119
would result in measuring the shortest light rise
time of 130 ps.
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Fig. 4. Schematic of detector output pulse voltage, nor-
malized to the equivalent stationary value Heg;
measured, ————-— equivalenced pulse.

Normalized pulse voltage
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From Fig. 4 the rise time &, of the output voltage
pulse of the detector was defined by the projection
of the line segment AB on the time axis. This line
segment is constructed as tangent in the point of
inflection of the pulse, extending from the inter-
section point with the time axis to twice the voltage
Hey/2 in the point of inflection. Thereby the equiva-
lent pulse height Hy is defined, which would be
reached for a longer incident light pulse. ,

With the available short light pulses the pin and
APD detectors under test will not yield their maxi-
mum output voltage, which corresponds to the
applied maximum input light power, measured by
the reference voltage Heq. But it is known, however,
by calibration with a pulse of 10 ns width, what
stationary-state amplitude would be reached by the
test detector, viz. Heqtest. Therefore the maximum
slope m of the test detector output voltage is mea-
sured and its rise time calculated from t; = Heq test/ M-
Because of the finite light rise time ¢;1, the rise time
of the test detector is corrected to be

tr load — Vt? - tf-‘L,
with an estimated accuracy of 209,.

By this technique #r10aq =135 ps was measured
for the pin diode BPX special, confirming the theo-
retical result of 125 ps. Therefore one can be rather
confident about the calculated 60 ps rise time of the
reference detector, which has a similar structure.

For the APD BPW 28 following data were mea-
sured, depending on the multiplication factor M :
frioad (M =T7) =270 ps, trioaa(M =14) = 240 ps,
tricaa (M = 38) —= 305 ps, fripaa(M = 51) = 345 ps,
friona(M=126)=355ps, fricaa(M=256)=460 ps.
The calculated values for M =38 and M =126 are
250 ps and 340 ps, and correspond the measure-
ments with an error of 189, and 1.49%,, respectively.
Most significant is the increase of the rise time with
the multiplication factor M, when the term Mt
in eq. (56) becomes dominating.
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Erratum

W. Freude, Performance of Packaged Fast Silicon Photodetectors in a Broadband Coaxial Mount (AEU 81[1977],

167—170).

Page 167: In the caption to Fig. 1 and in the first line following eq. (1) the equation for g(z) should read
g (x) = 2 6wa Po/(hy Awq) e=2%,

Page 168: Eq. (5), last two lines, should read

M M
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g —1) goA wa

Kl = 2 624}(1 Kz ’

The other relations of eq. (5) remain unchanged.
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