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Comparing leakage currents and dark count rates in Geiger-mode
avalanche photodiodes

J. C. Jackson,® P. K. Hurley, B. Lane, and A. Mathewson
National Microelectronics Research Centre, University College Cork, Ireland

A. P. Morrison
Department of Electrical and Electronic Engineering, University College Cork, Ireland

(Received 9 January 2002; accepted for publication 9 April 2002

This letter presents an experimental study of dark count rates and leakage current in Geiger-mode
avalanche photodiodé&M APD). Experimental results from circular diodes over a range of areas
(20-500um diam), exhibit leakage current levels orders of magnitude higher than anticipated from
dark count rates. Measurements of the area and peripheral components of the leakage current
indicate that the majority of the current in reverse bias does not enter the high-field region of the
diode, and therefore, does not contribute to the dark count rate. Extraction of the area leakage
current term from large-area devidg&®0 um) corresponds well with the measured dark count rates

on smaller device$20 um). Finally, the work indicates how dark count measurements represent
1078 A levels of leakage current detection in GM APDs. ZD02 American Institute of Physics.

[DOI: 10.1063/1.1483119

Sensors capable of detecting single photons are requirdeig. 1(a) are between 10 and 2000 counts per second from
for a diversity of fields from astrononiyto fluorescence measurements taken at room temperature.
decay and ultraweak biochemiluminescence measurentents.  As the dark count originates from thermally generated
For next-generation laboratory and systems on a chip, sma®/h pairs and bulk diffusiof, it is expected that the dark
geometry single-photon counters that can be integrated witgount rate should be r.easonably estimated from the measure-
readout circuitry in multipixel arrays are required. The shal-Ment of the reverse bias leakage current prior to breakdown.
low junction, Geiger-mode avalanche photodig@1 APD) The calculation is expressed as
shown in Fig. 1a) provides single-photon-counting capabil-
ity with a low-breakdown voltagé~30 V) and is manufac- Clanc
tured using standard complementary metal-oxide—
semiconductofCMOS) substrates and fabrication stéps. where C gy, is the dark count ratey is the electron charge,

The ability to count single photons is a feature of theang p_; is the probability that a single charge carrier wil
high electric field that is engineered in the active area of anjtiate a breakdown, which can approach unity for diodes
GM APD. In Geiger-mode operation the APD is biased be-hjased 10-15 V above breakdof/h.However, based on
yond electrical breakdown. The device can remain in thisdark count measurements performed on a range of devices it
state until a free carrier is generated in the depletion regioris found that the current levels predicted using EL). are
becomes accelerated by the electric field, and acquires sufforders of magnitude below the measured leakage current
cient energy to result in a self-sustaining breakdown of thdrom the same devices. For example, consider au@0ac-
diode by the process of impact ionization. For normal devicdive area Geiger-mode diode with a dark count of 100Dat
operation it is desired that the free carrier, which initiates25 °C and a unity charge carrier initiation probability ),
breakdown, is generated by an incident photon. HowevetEd: (1) yields I ,;~0.16x10"** A, which is below typical
electron/hole ¢/h) pairs can also be generated therma"yresolution of current measurement system capabilities. How-

through  Shockley—Read—Hall recombination—generatior‘?ver’_15rneasured leakage current values 'ﬂfeaﬁz 233h
centers, or by bulk diffusion of minority carriers from the <10 ~Aare recorded at 15 V reverse bias, which are three

quasineutral regiofcomponents 1 and 2 in Fig(d), respec- orders of magnitude higher. The objective of this letter is to
tively]. The generation o&/h pairs and thermal bulk diffu- investigate the large disparity between the measured dark

. L . count rate and the leakage current in GM APDs.
sion represent a characteristic noise of the detector and sets a For this letter, shallow junction GM APDs, peripheral

limit for the ultimate sensitivity of GM APDs. In the absence area test structures, and gate-controlled diodes, as shown in

of light the electrical effect of these mechanisms is termeq:igs' 1a), 1(b), and 1c), were manufactured ip-type epi-
the dark count rate, and is a measure of the number of falsgxjally grown bulk silicon using a conventional 1&m

photon counts generated by the detector per second. Typic&lMOS process reported previouély.
dark count levels for 2Qum diam circular diodes shown in To investigate the physical origins of the leakage current
in GM-APD structures, activation energy plots were obtained

aAuthor to whom correspondence should be addressed: electronic maifor Poth Smgll geometry GM_'APD StrUCtur_‘égo um) and
carljackson@ieee.org compared with much larger circular guard ring test structures
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FIG. 2. Leakage current measured in a circular gate-controlled diode with a
diameter of 50Qum. Markings(1) and(2) in the 10 V diode measurement
give an indication of the silicon inversion under the multilevel oxide struc-
ture shown in Fig. ().

surface generation compongeee components 3, 4, and 5 in

Fig. 1(@)]. As these leakage current components do not flow
through the high-field region, they do not contribute to the
dark count rate.

If the detectable leakage current present in a GM APD is
mainly comprised of perimeter leakage current, then using a
gate-controlled diode structure located at the diode edge
FIG. 1. (a) Shallow junction, virtual guard ring Geiger-mode APD structure Should enable a reduction of this leakage current component.
used for single-photon detectiofh) Guard ring test structure used to deter- A gate-controlled diode structure, as shown in Fig) lwas
mine the perimetgr leakage current term fo_r the shallow junction di¢des. used to modulate the reverse bias leakage current flowing in
Gate-controlled diode to modulate the perimeter surface leakage current. . . . . ;

the diode structure. As can be seen in Fig. 2, it was possible

to reduce the leakage current flowing in the gate-controlled
(500 um). Comparing both structures was necessary to esdiode test structure to below the detection limit of theV
tablish that the reverse bias leakage current measured oneasurement systems used in this experiment. The gated di-
small-area20 um) diodes has the same origin as that mea-ode inversion of the silicon layer underneath the multilevel
sured on larger-arg®00 wm) guard ring test structures. This oxide is clearly seen from the decrease in current at a reverse
comparison was necessary as leakage current measuremehigs voltage of 10 V, afl) and(2) in Fig. 2 from the inver-
require large-area structures for accurate peripheral curresion of the surface under the thin and thick oxide regions,
extraction. Conversely, for dark count measurements, it isespectively. The inversion of thetype silicon results in a
necessary to use small-area GM APDs to keep the countindecrease in the surface generation component of the total
rate low to prevent afterpulsing and diode heating effectsliode leakage current.
from obscuring the measured count rate. Once it was determined through activation energy and

To determine the origin of the leakage current in the tesgate-controlled diode measurements that the majority of the
structure, the area and peripheral bulk diffusion terms fromeakage currentin GM APDs is comprised of peripheral leak-
the leakage current data were extracted. This was performeate current through the* region, an experiment was per-
using the standard methd® using a variety of test struc- formed to determine if the dark count of a small geometry
tures, as shown in Fig.(h) with diameters between 200 and detector could be extracted from the leakage current in large-
500 um and using combine@-V and |-V analysis. After area device structures. As a plot of the leakage current versus
removing the peripheral bulk diffusion current from the total reverse bias voltage is flat for the diodes used in this letter, a
measured current, the corrected leakage current due to gedirect comparison between identical diameter GM APDs and
eration in the space-charge region was found to have an aguard ring test structures should give an indication of the
tivation energy of 0.68 eV. This value of activation energydark count to be expected. The difference between the GM-
coincides with the value obtained for the gén GM APDs.  APD [Fig. 1(a)] reverse bias leakage current, and the reverse
It is, therefore, believed that the leakage current measured ibias leakage current in an equivalently sized guard ring test
the actual structure is largely comprised of leakage currenstructure[Fig. 1(b)] was normalized with area and compared
originating from the parasitic diode formed by thé over-  to measured dark count data from 20n Geiger-mode di-
lap into p-epi, which forms the virtual guard ring and also a odes fabricated on the same wafer. After normalization, an

=
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4000 ; nent ofe/h pairs from surface states at the Si/SiBterface.
3500 - Extracted Da\rk Count Range O_ The peripheral current in a GM AP[Fig. 1(a)] does not
\)/ ] flow through the high-field region, and hence, does not con-
3000 F 1 tribute to the dark count rate. In fact, the existence of a large
) ; ] perimeter leakage current could be attributed to a poor
£ 2500 | ] Si/SiO, interface on the perimeter, which might provide in-
§ . ] trinsic gettering sites to aid in contaminant gettering from the
3 2000 . E critical high-field active region of the Geiger-mode APD. A
¥ 1500 [ e ] further significant observation from this work is that the
a r ] measurement of the dark count rate is an indirect method of
1000 [ ] measuring very low leakage current (Z§ A) levels in
; j  small-area diodes. Dark count rates in the range of 10—
500 © Measured Dark Count 7 10000 s* can be measured quickly, and without difficulty.
N R R This corresponds to leakage currents in the range of 10
6 8 10 1o 14 X 10 1°-10x 10 ® A. A measurement of these currents

clearly would be beyond the scope of commercially available

Voltage in Excess of Vbr (V) low-current meters

FIG. 3. Extraction of the dark count rate caused by a 3250 electron per

second current flux through the active area of a GM APD. Calculated elec-
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