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An excess noise measur ement system for weak
responsivity avalanche photodiodes
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Abstract: A system for measuring, with reduced photocurrent, the excessassiseiated with
the gain in avalanche photodiodes (APDs), using a transimpedanmdiéier front-end and based
on phase-sensitive detection is described. The system can reliably measexeete® noise
power of devices, even when the-multiplied photocurrent is low (~10 nA). This is more than
one order of magnitude better than previpugported systems and represents a significantly
better noise signal to noise ratio. This improvement in performanceéodes achieved by
increasing the value of the feedback resistor and reducingpthenp bandwidth. The ability to
characterise APD performance with such low photocurrents enables thelagepmwer light
sources such as light emitting diode rather than lasers to investigate theo/eperformance.

Keywords: avalanche photodiode, excess noise, noise measurement.

1 I ntroduction

Impact ionisation provides internal current gain in avalanche photodiodes (ARBish are

often used to improve the sigrtaknoise ratio (SNR) o&n optical receiver in communicatigns
medical and military applications F[B]. The maximum useful gain in APDs is ultimately
limited by the excess noise generated by the stochastic nature of the avalanighieatiatt
process. This noise can degrade the overall SNR of the optical receiver at vergimighlges.
Mclntyre’s local noise model [4] showed that the when electrons initiate the ionization process,
the ratio of the holef) to electron ) ionization coefficientsk = f/a is required to be much
smaller than unity if the APD is to show low noise. Consequently, the meanirefthe
excess noise in APDs as a function of gain is often used to characterigetftgmance and to
determine the optimum value of gain. It is also often used as a way ofrigféra ionization
coefficient ratio of the material system. The measurement of excess nsissualy been
undertaken with a Noise Figure Meter (NFM) [5]. These suffer from the prablenthey need

a high photocurrent level relative to the dark current. Not only does this natmetsg use of
fairly high power lasers, which often can add noise to the measurement by thair oélative
intensity noise (RIN), the large photocurrents can result in device heaghalso distortion of

the electric-fields under which the APD operates [6]. If the excess neissunements could be
done at very low optical powers and hence photocurrents, LEDs could be used which avoid both
of the aforementioned problems. The systems used by Bulman and Ando & Kanbe [7][8]
required minimum primary photocurrents of 0.63 pA and 6.25 pA respectivelyhéar
measurements. Lau et al.[9] and Green et al. [10] reported measurement systems based on
transimpedance amplifier front-ends. Lau et al. [9] reported that the excess naoisedaltt be
measured on APDs with sub-micron depletion region widths, high dark currents, dacejgaci



of up to approximately 50 pF and required a minimum primary photocurrent of 0.ZPhgA

latter system by Green et al. [10] was designed to reliably measuexdbgs noise factor of

large area relatively low dark current devices with a capacitance of BmE and required a
minimum primary photocurrent of 1 pAThe signal to noise ratios described by Lau et al. [9]

has the most desirable SNR which is -25.7dB. In the work reported #i1QF] the
photocurrents were modulated and phase sensitive detection techniques were used as this largely
removed the impact of the dark currents of the APD.

In this paper we describe a measurement system which is capable of mehsuekxacess noise
of an APD with a photocurrent as low as 10 nA, which is two orders of maghiwede than
our prior work [9][10]. The maximum capacitance is restricted to 22 pF bustvsll with the
range of most practical APDs of interest, with device diameters of #®Qam andtotal
depletion widths that exceeduin.

2 Noise measur ement system

TIA Amplifier — Filter |— Attenuator
| LED | %| Chopper |r\J_|>UD |
@ Amplifier
L |
Photocurrent Excess Noise | [0 ar Meter
Lock-in-amplifier Lock-in-amplifier

Figure 1 Block diagram of the excess noise measurement system.

The structure of the new measurement sysgebased on that of Lau et al [9] and is shown in
figure 1. A signal generator and single transistor switching circuisésl to provide power to
the LED which provideslectrical “chopping” at 180 Hz and thereby provides a reference signal
to the lock in amplifiers (LIAs) used in the phase sensitive deteclinis becomes essential
when the photocurrent being measured starts to decrease to the level of thelat&vicerent.

A Keithley 236 source measure unit (SMU) provides the reverse bias voltagt e DUT.

The transimpendance amplifier (TIA), which is based on the operational amplifier OPA656 with
a gain of 100 kV/A (unterminated) is used to convert the total diode currena imbitage.
Thereafter the voltage is amplified using the Minicircuits ZFL-500LN+ with mitexted gain

of 27.98 dB. A precision stepped attenuator, HP 335D, is used to reduce thegajistémm

0 dB to -120 dB in 10 dB steps if required. Before the noise information can beeaxktithe
photocurrent signal must first be removed using a cascade of single tuned Friend bandpass
filters [11] with a bandwidth of 0.2 MHz, centrexh 1 MHz. The narrow bandpass filter is
chosen to minimise the other non-photogenerated noise sources. The cemérecired 1 MHz

is high enough to avoid 1/f noise [1£14], but low enough to lie within the bandwidth of the
TIA. The noise signal is amplified keysecond voltage amplifier, which is based on the AD829
operational amplifier with a terminated gain of 35.56 dB before entering a ragjuand
averaging circuit. The squaring and averaging circuit, which acts as a noise powelusester
an Analogue Devices AD835 analogue multiplier. The output of the noise power meter i
measured using the first logk-amplifier. The photocurrent signal is taken from the TIA and is
measured by using the second laclamplifier. Lau et al. [9] designed a transimpedance
amplifier by using an Analog Devices AD9631 at 10 MHz with a Z2féedback resistor in
order to optimise the bandwidth and gain of ARDE high capacitances. In more conventional
optical communication systems, APDs have smaller device capacitances, so fysteewcan



increase the gaito 100 k and reduce the bandwidth from 10 MHz to 1 MHz in order to obtain
measurements derived from substantially reduced primary photocurrents compared to prio
reports.

2.1 Transimpedance amplifier

The transimpendance amplifier (TIA) is shown schematically in figure 2. ThasTihased on
the operational amplifier OPA656 [15] which is a wideband (500 MHz) unity gairlestab
voltage feedback amplifier.1RCy, the junction capacitance of the APD)(&nd the operational
amplifier OPA656 gain bandwidth product (GBP) determine the useful bandwidtie dfiA.
The APD junction capacitance is an effect of the depletion of cafregnsthe transition region
due to the enhancement of the built in electric field by the external reverselgae,Vb. G
varies approximately with the inverse square of increasing bias voltagel1®0 K2 in order to
give a large transimpedance gain while maintaining the required bandwidth of the. $gstem
(0.4 pF) is chosen to maximise both transimpedance gain and bandwidth while monigaisi
peaking across the range of Cj. The shot noise developed by 10 nA is 5&& 8&d as the
bandwidth of this measurement system is 0.2 MHz, this corresponds to 25 pA noise current.

2.2 TIAnoise performance

The noise performance of the transimpedance amplifier can be analysed usiagdhgpamp
noise model which has an equivalent noise current souwrce@nt an equivalent noise voltage
source, ¥. The equivalent noise model of the TIA is shown in figure 3. The output noise
voltage from the input noise current from the op-amp is,

\i:G(f):— Abrde
(Af, + R +r)+s(k+7.r, +7,R + AC,Rr,) + 7 Kk

, o

n

Where k = GrqR + GryR; R: is the feedback resistance,i€the feedback capacitanceand
C; represent the equivalent circuit of the APD, shunt resistance and junctioritavaqegc
respectively. Assuming the op-amp open loop gain is given by the first order transfemfuncti

PP @)
71+ s1,

A is the open loop gain of the op-amp anis the open loop time constant of the op-amp.
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Figure 2 A simplified circuit diagram of the system front end showing the transimpedar
amplifier (OPAG56) and a buffer amplifier TLE2141.

The output noise voltage from the input noise voltage from the op-amp is,
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The output noise voltage due to the thermal noise of the feedback resistance is,

Vo _ A\er 4
V (Ary+R +1)+s(k+7,r,+7,R +AC.R1,)+5r.K )

nf

The total noise voltage at the output from the input noise currerihd input voltage noise,V
and feedback thermal noisey \s,

V2 = LX(ALR)? +VI(A (rg + R))? + (akA) T+ Vi (ATy)?
(AL + R +1) =W KP + 0’ (K+7,ry + 7, R+ AC,R1,)?

()

To compare different excess noise measurement systems prior workers proposecsinal

to noise ratio’ (NSNR) rather than the more common signal to noise ratio because, in the case of
noise measurements, the signal is aperiodic and stochastic [9]. NSNR is a noéabere
efficacy of the measurement system in detecting and isolating the noisengefulin the
electro-optical process in the test diode from all other sources of noisatarfdrence both
originating inside the measurement system and, in the case of practicamanphtions,
interference induced in the measurement system by the environment. In this case analy
proceeds by referring the electronics system noise to the output (denomind&y tfen
computing the noise signal at the output due to shot noise derived from 1 uA of photaourrent
the bandwidth of the measurement system for a specified diode junction capacitence (t
numerator of (. The NSNR is the quotient of these quantities. The system noise is edmput
analytically by hand (5) and checked with SPICE. The system noise is heawilyatied by the
noise of the TIA.

b
< [2el,|G(f) df

N b (6)
N [V (f)df

Where | ,,, is the photocurrent, G(f) is the transfer function given by (1),i%/the total noise

voltage of the TIA given by (4) and a and b are the start and end sliradanoise power
frequency range.

Figure 4 shows the NSNR as a function of frequency for different valueg dfSBIR is a
useful metric to permit comparisons between different measurement systems indepttiae
bandwidth. The NSNR of this TIA is approximately 2.62 dB while=C1 pF and falls

to -4.624 dB at C= 68 pF for a 1 YA signal current. This is an significant impmoesmt, of
approximately 26 dB, over the system proposed by Lau et al. [9]. The NSNR of this TIA
is -20 dB while €= 1 pF and the photocurrent is 10 nA.
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Figure 3 Noise model of the TIA show
feedback resistance thermal no
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Figure 4 The analytical model noise to signal ra
(NSNR) against frequency with different value
the G from 1 pF to 68 pF for a 1 pA signal currer

2.3 Characterisation of the transimpedance amplifier frequency respose

Characterisation of the transimpedance amplifier can be accomplished by using a network
analyser. An HP 4396B VNA was used in this work. The frequency response of the TIA is
measured as a function of increasing APD capacitancérot 0 to 68 pF. This is shown in
figure 5a. There is considerable dependence of gain; ahf@quencies greater than 1 MHz.

The value of the feedback capacitance,=@.4 pF is chosen, because it provides acceptable
gain peaking over the range of values of theo@ween 0 pF and 68 pF. The response for
different values of the jEthe input junction capacitance of the APD) can be used to correct for
the effects of the different gain peaking for different input junction capaeitdimis allows the

noise from APDs with different junction capacitance to be compared fairly.

2.4  Effective noise bandwidth (ENBW)

The effective noise bandwidth (ENBW) of the measurement system is used to auritbet f
different input junction capacitance of APD samples and a relationshis beisveen ENBW
and junction capacitance of APD samples. The frequency response of the sebiesittomof
the TIA and noise bandwidth setting filter as a function;aé Ghown in figure 5b, and this data
can be used to compute the ENBW of the systedibration results are shown in figure 6. The
ENBW of the measurement system is,

1 (%
By = G—I G df (7)

Where G(f) is the voltage gain of the system.i§&the gain at the centre frequency of the
bandpass filter while G 0 pF. f and § are the start and stop frequency over which there is
significant voltage gain. The ENBW is calculated for different valueth®fG from 0 pF to

68 pF using (7) and this is plotted in figure 6. The ENBW can be expressed asdlwdhir
polynomial,

B, (C,) =—63x10°C’ + 331xC? + 461x10°C, +9224C ©)
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Figure 6: The effective noise bandwidth of the TIA as a function of APD junction capacitdnice

plot is created by integrating the area under Figure 5b and normalizing to the centre frequieyc
using (6).

3 System testing

The noise measurement systésncalibrated by measuring the noise power as function of
photocurrent in a silicon commercial p-i-n photodiode (type BPX65) with a known gancti
capacitance at a fixed bias voltage before determine excess noise factBPXg&ehas a unity

gain M = 1) so that the photodiode produces only shot noise and the excess noise factor is equal
to 1. The diagram of measured noise power as function of photocurrent is shown irv.figure
The ratio of the noise power of the BPX65 to photocurrent is,

N .
I_SI =2eBy (Csi)A2 =a 9)

ph



The BPX65 is now replaced with the device under test (DUT). So the pmiger of the DUT
is,

Npyr = 2elBy; (CDUT)AZMF (M) (10)

Where B#«(Cpur) is the effective noise bandwidth of the system when connected to the device
under testM is the corresponding multiplication and | is the multiplied photocurrent M.
Combining (9) and (10), the excess noise factor is

F(M) — NDUT X Beﬁ (Csi)
aMl Beff (CDUT)

(11)

1000 g 180 22
= - 160 q £20 °
= o 318
5 5 140238 .
Emo- 8 120 4 &1, *
s - =10
g 5 100 4 €74 $ ®
W 5 801 O Bandlurent "%
& 10 g 60+ °
n_ O
= i 40 -+
§ g 20 " .
=2
1 ! | ! g 0 + T T T T T
.001 .01 A A 10 § 0 200 400 600 800 1000 1200

Current [uA] Dark current [nA]

Figure 8: Minimum photocurrent required
perform the measurement in the dark curr
environment. The insert shows the minimt
photocurrent required when the dark curren
lower than 100 nA.

Figure 8 shows the measurement of the minimum photocurrent requite@RX65 to obtain a
measurable noise power using this circuit. The photo current is obtained by a swbdEHBR

and the‘'dark current is provided by varying the illumination of the photodiode with broad band
dc visible light. The noise power can be reliably measured even when the photowsurrent
significantly less than the dark current. The minimum photocurrent requirggsvagirk current
has a linear relationship at higher dark current values, implying fleatdark current is
dominating the NSNR of the system acrogs thnge of values. The system noise however
becomes relatively more significant at low photocurrents, which is wagitficult to measure
excess noise when the un-multiplied photocurrent is below 10 nA.

Figure 7: Noise power versus photocurri
of a silicon commercial device (BPXp5

4 Noise measur ements

The new measurement system described here has been used to measure the multiplication and
excess noise factor of an AllnP APD using Thorlabs LED470L LED with a 460 nkn pea
emission [16]. The AllInNP APD used in this work with nominal i region widihs;1 um,
previously reported in the work of [17].

Figure 9 shows the photocurrent and multiplication of the AlInP diode using the LED.
Multiplication in this diode of approximately 25 has been obtained when the primary
photocurrent at 0 V was 4 nA. The excess noise versus multiplication charactenstiédihP



diode using 460 nm LED illumination with different optical powers is showrgurdi 10. The

grey lines correspond to the Mcintyre noise theory based offdh&) ratio. The excess noise
using the previous measurement system required a minimum of 0.22 pA photocurreaswhere
this system now requires 10 nA as more than 22 times improvement in #gnditie excess
noise factor of AllnP diodes with optical power attenuated b$*Xhd 18is similar andin

good agreement with the data from the Liang et al [17] for the same width structure.
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Figure 9: Measured photocurrent in AlInP dioc Figure 10: Experimental F versus M usi
under 460 nm LED illumination with the optic 460 nm LED for AlInP diodes with optice
power attenuated by 4,010%, 102 and 163, power attenuated by G(m) and 16(A).

5 Conclusion

A system for measuring multiplication and excess noise in avalanche photodiode\iier

primary photocurrents than prior work, is described and its performaatysed. The system
canaccuratly measure the multiplication and excess noise of APDs with photocurrent as low as
10 nA. This system is at least one order of magnitude better than previousssysterSNR

of this system is at least two orders of the magnitude higher than prior measusystems.

The excess noise factor can be measured using this system on devices with a junction
capacitance up to approximately 22 pF which will cover the majority of APD detectors.
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