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Abstract—Thin avalanche layers have been adopted to achieve 

low excess noise and high gain bandwidth products in InP and 

InAlAs avalanche photodiodes. In this work we report the excess 

noise characterization in a series of Al1-xGaxAs0.56Sb0.44 (x = 0, 

0.05, 0.1, 0.15) diodes with avalanche layer thickness of 110-116 

nm. These alloys, lattice matched to InP, showed lower excess 

noise than InP and InAlAs. Dark current, most probably 

originating from surface leakage, was observed to be lower in 

composition with higher Ga concentration. Avalanche gain and 

excess noise measurements using lasers of 542 and 633 nm 

wavelengths indicated that at a given electric field, the electron 

ionization coefficient is larger than the hole ionization coefficient. 

Using the 543 nm laser, low excess noise data corresponding to an 

effective ionization coefficient ratio of k = 0.1 in the conventional 

excess noise theory was measured in Al1-xGaxAs0.56Sb0.44 (x = 0.05, 

0.1, 0.15), although pure electron injection was not achieved. Our 

results demonstrated the potential of using Al1-xGaxAs0.56Sb0.44 

(x = 0.05, 0.1, 0.15) as replacement for InP and InAlAs for high 

speed and low excess noise avalanche photodiodes. The data 

reported in this paper is available from the ORDA digital 

repository (https://doi.org/10.15131/shef.data.5155822). 

 
Index Terms—Avalanche photodiodes, Impact ionization, 

Noise measurement. 

 

I. INTRODUCTION 

igh-speed avalanche photodiodes (APDs) are key 

components in long-haul high bit rate optical 

communication systems because they exploit internal gain to 

provide higher sensitivity than a conventional p+in+ 

photodiode. However, in most semiconductors, the inherently 

stochastic impact ionization process produces excess noise, 

which can degrade the signal-to-noise ratio of the detection 

system. Low excess noise and high gain-bandwidth product 

(GBP) are therefore crucial for achieving high bit rate optical 

communication systems.  
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The classical McIntyre model [1] shows that materials with 

low ionization coefficient ratio, k, are required to achieve low 

excess noise. Therefore early APDs with thick avalanche 

layers and operated at low electric fields, where k tends to be 

low, could achieve low excess noise. On the other hand, to 

maximise the gain-bandwidth product, the narrowest possible 

avalanche region should be employed [2]. As the avalanche 

region is narrowed to increase the APD’s gain-bandwidth 

product, excess noise was expected to increase, because the 

narrow APDs operated with higher electric fields, where k 

tends to unity. In practice, however, low excess noise was 

measured from narrow avalanche regions [3], [4], which was 

eventually attributed to the increased significance of carrier 

dead space as the avalanche region narrows [5], [6]. Therefore 

APDs are now designed with narrow avalanche regions to 

achieve high GBP and low excess noise simultaneously. 

Nevertheless, there remains a lower limit of avalanche layer 

thickness imposed by the onset of band-to-band tunnelling 

current: ~ 180 nm for InP and 150 nm for InAlAs avalanche 

regions, respectively [7].  

Commercial APDs that combine an InGaAs absorption 

region with an InP or InAlAs avalanche region are used in 

optical communication systems operating at bit rates up to 10 

Gb/s. However, due a low GBP that is typically 80-140 GHz 

[8], [9], an InGaAs/InP APD does not have sufficient 

bandwidth with appreciable gain at bit rates above 10 Gb/s. 

Higher GBPs, up to 240 – 270 GHz [10], [11] were achieved 

using InGaAs/InAlAs APDs with ~100 nm avalanche region 

and small APD diameter (e.g. 14 m in [10]) to avoid 

significant tunneling current. Although even higher GBP 

(340 GHz) was demonstrated by Ge/Si APDs, with Si 

avalanche region and Ge absorption region [12], their dark 

current and quantum efficiency are not comparable to those of 

InGaAs/InP or InGaAs/InAlAs APDs. Hence researchers 

continue to investigate other materials as alternative avalanche 

layer materials. A promising candidate is GaSb/AlInAsSb 

APD, which can be grown latticed-matched to GaSb 

substrates. Highly desirable excess noise characteristics were 

reported in [13]. 

Recently AlAs0.56Sb0.44 (hereafter referred to as AlAsSb) 

lattice-matched to an InP substrate, was reported as an 

alternative avalanche material for 1310 and 1550 nm 

wavelength APDs. It offers very good thermal stability 

(< 1 mV/K temperature coefficient of the avalanche 

breakdown voltage [14]) and very low excess noise factor 

[15]. The smallest effective k (0.05) was measured from a 

Thin Al1-xGaxAs0.56Sb0.44 diodes with low 

excess noise 
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230 nm AlAsSb avalanche region [15], which improves on the 

effective k of 0.09 from Ge/Si APDs [12]. However, the 

surface leakage current in these AlAsSb APDs was not 

completely suppressed.  

A more recent study on Al1-xGaxAs0.56Sb0.44 (x = 0, 0.05, 

0.1, 0.15) showed that incorporating Ga into AlAs0.56Sb0.44 

could substantially reduce surface leakage current [16]. As the 

Ga content, x, increases from 0 to 0.15, the surface leakage 

current at 90% of the breakdown voltage was reduced by 

almost two orders of magnitude. The corresponding 

temperature coefficient of breakdown remains desirably low, 

ranging from 0.86 to 1.08 mV·K-1 [16]. Having also 

demonstrated a high GBP of 424 GHz with an 

InGaAs/Al0.85Ga0.15As0.56Sb0.44 APD for 1550 nm wavelength 

light [17], excess noise factors and ionization coefficients of 

the alloy Al1-xGaxAs0.56Sb0.44 are the remaining APD-related 

characteristics that have not been investigated. In this work, 

we report experimental work on excess noise on thin 

Al1-xGaxAs0.56Sb0.44 (x = 0, 0.05, 0.10, 0.15) diodes with 

nominal 100 nm avalanche regions, which are relevant to 

high-speed APDs.  

II. EXPERIMENTAL DETAILS 

The Al1-xGaxAs0.56Sb0.44 (x = 0, 0.05, 0.10, 0.15) p+in+ 

wafers used for this work are identical to those used in [16]. 

Structures of the four wafers, all grown on n+ InP substrates 

by molecular beam epitaxy, are summarized in Table I. Each 

wafer has an Al1-xGaxAs0.56Sb0.44 i-region, with width, w, of 

100 nm sandwiched between a p+ and an n+ 

Al1-xGaxAs0.56Sb0.44 cladding layer. Top and bottom highly 

doped In0.53Ga0.47As contact layers at either side were included 

to facilitate good ohmic contacts. Wafer pieces were 

fabricated into circular mesa diodes with diameters of 50, 100, 

200 and 400 μm, by standard photolithography and wet 

chemical etching. The mixtures were citric acid: H2O2 (ratio of 

2: 1) for InGaAs and HCl: H2O2: de-ionised water (ratio of 

5:1:50) for Al(Ga)AsSb. Ti-Au was deposited to form the 

metal contacts of the diodes. The diodes had no anti-reflection 

coating or dielectric passivation.  

 
Characterization of the diodes began with dark Current–

Voltage (I-V) characteristics under reverse bias to ensure the 

diodes were sufficiently robust for subsequent measurements. 

Capacitance-Voltage (C-V) characteristics were measured 

from the fabricated diodes and were corroborated by 

secondary ion mass spectroscopy on as-grown wafer pieces 

(details in [16]). From these, i-region thicknesses from 110 to 

116 nm, also listed in Table I, for the four wafers were 

deduced. C-V characteristics were also recorded to facilitate 

subsequent excess noise factor versus avalanche gain, F(M), 

measurements. 

The F(M) measurements were carried out using the 

experimental setup and procedure described in [3]. In this 

work continuous-wave He-Ne lasers, with emission 

wavelengths of 542 and 633 nm, were the light sources used to 

generate photocurrent in the device-under-test (DUT). These 

lasers offered light that can be absorbed by the devices of this 

work, whilst having sufficiently stable light output level to 

facilitate F(M) measurements. The laser light was 

mechanically modulated at ~ 180 Hz before being focused into 

an optical spot within the optical window of the device-under-

test (DUT). Care was taken to ensure that light is well 

confined within the optical window to avoid generation of 

photocarriers at the edge of devices. The resultant 

photocurrent and noise power were measured simultaneously 

as functions of reverse bias by two lock-in amplifiers (model 

SR830). For a given reverse bias, V, multiplication, M, was 

given by the ratio of measured photocurrent to the injected 

photocurrent. The latter was estimated from measured 

photocurrent values at small reverse bias, while taking into 

account the increase of injected photocurrent with reverse bias 

due to widening of the depletion region [18], to avoid 

overestimating the avalanche gain. 

For a given set of M versus V, F was given by the ratio of 

the measured noise power to the predicted shot noise power. 

Accuracy of the predicted shot noise power required the 

DUT’s C-V characteristics. Also, the shot noise power versus 

photocurrent characteristics of the two lasers used were 

measured and were found to be low compared to the measured 

multiplied noise power when DUT was in place. The F(M) 

experimental setup yields more accurate results when the 

capacitance of the DUT is < 30 pF, hence the F(M) 

measurements focused on devices with nominal radius of 

either 50 or 100 m (see Fig. 1). For a given wafer and a given 

laser wavelength, between 5 - 10 devices were tested to obtain 

M(V) and F(M). Mean and standard deviation of M and F were 

then deduced for each wafer to enable data comparison 

between different wafers.  

The different laser wavelengths produced different carrier 

injection profiles within the DUT. As the light enters the 

device, light of either wavelength is strongly absorbed by the 

100 nm p+ InGaAs cap layer [19]. However carriers generated 

by photon absorption within this InGaAs layer are unlikely to 

contribute to the photocurrent, due to the large 

InGaAs/AlGaAsSb conduction band offsets. The reported 

large conduction band offset between InGaAs and AlAsSb 

ranges from 1.6 [20] to 1.74 eV [21]. Although the bandgaps 

of AlGaAsSb [16] are smaller than that of AlAsSb, the 

conduction band offsets between InGaAs/AlGaAsSb are likely 

to remain.  

Considering only the light remaining after the p+ InGaAs 

cap layer, it is necessary to estimate the percentage of light 

TABLE I 

STRUCTURE DETAILS OF THE AL1-XGAXAS0.56SB0.44 WAFERS USED 

Layer Material Thickness (nm) 

p+ (Be-doped) In0.53Ga0.47As 100 

p+ (Be-doped) Al1-xGaxAs0.56Sb0.44 300 

i Al1-xGaxAs0.56Sb0.44 100 

111 (x = 0) 

116 (x = 0.05) 

114 (x = 0.10) 

110 (x = 0.15) 

n+ (Si-doped) Al1-xGaxAs0.56Sb0.44 100 

n+ (Si-doped) In0.53Ga0.47As 1000 

n+ InP substrate 
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absorbed in the 300 nm thick p+ Al1-xGaxAs0.56Sb0.44 cladding 

layer. Absorption coefficients of Al1-xGaxAs0.56Sb0.44 at 542 

and 633 nm wavelength were estimated by interpolating 

absorption coefficients of four binary materials, AlAs [22], 

AlSb [23], GaAs [24], and GaSb [24]. Table II shows the 

estimated absorption coefficients and percentage of light 

absorbed in the p+ Al1-xGaxAs0.56Sb0.44 cladding layer. A 

combination of small absorption coefficient and thin p+ 

Al1-xGaxAs0.56Sb0.44 cladding layer resulted in carrier injection 

profiles with significant photogenerated carriers in the i-region 

and n+ Al1-xGaxAs0.56Sb0.44 cladding layer, as indicated by the 

percentage of light remaining after the p+ Al1-xGaxAs0.56Sb0.44 

cladding layer. Consequently pure electron injection was not 

achieved. However, since a shorter wavelength light is 

absorbed more strongly, the 543 nm light gives a carrier 

injection profile that more closely resembles pure electron 

injection than the profile from the 633 nm light.  

 

 

III. RESULTS AND DISCUSSION 

 
Typical data of room temperature reverse dark I-V and C-V 

from 100 m radius devices of the four wafers are shown in 

Fig. 1. The I-V data shows an abrupt increase in current with 

reverse bias at ~ 12 V. When the Ga composition increases 

from 0 to 0.15, the breakdown voltage decreases slightly from 

13.02 to 12.05 V, in line with the slight reduction in estimated 

bandgap energy from 1.64 to 1.56 eV [16]. For a given wafer, 

the value of reverse bias at which the abrupt increase occurs 

does not vary from device to device, nor is it affected by 

radius of the device. The dark current is believed to be 

predominantly surface leakage current as the dark currents do 

not scale with device area. For example, at 0.9Vb, devices 

from the Al0.85Ga0.15As0.56Sb0.44 wafer exhibit increasing dark 

current densities with decreasing device diameter (20, 60, 80, 

and 200 A·cm-2 for device diameter of 200, 100, 50 and 

25 m, respectively). As the Ga composition increases, a clear 

drop in the dark current was observed. A more detailed 

temperature dependence of dark current in these devices has 

been reported in [25]. The dark current density of 

~ 5×10-6 A/cm2 was measured at a bias voltage corresponding 

to 95% of the breakdown voltage at room temperature. This 

dark current density is 3 times lower than InP and 5 times 

lower than InAlAs avalanche layers of similar thicknesses, 

suggesting insignificant band to band tunnelling current in 

these thin Al1-xGaxAs0.56Sb0.44 (x = 0 to 0.15). The measured 

capacitance is < 30 pF, confirming the devices are suitable for 

excess noise measurements. 

Examples of experimental dark current, photocurrent, and 

avalanche gain versus reverse bias obtained from the 

Al0.85Ga0.15As0.56Sb0.44 wafer during F(M) measurements are 

shown in Fig. 2. Data of avalanche gain versus reverse bias 

obtained from F(M) measurements on the four wafers are 

shown in Fig. 3. To show differences between avalanche gain 

values at low gain values, the data are plotted as M-1 in a 

logarithmic scale. Uncertainty associated with estimating the 

injected photocurrent as a function of reverse bias resulted in 

unavoidable, large relative uncertainties for the individual set 

of small avalanche gain values. However, by using mean 

values from multiple devices for each wafer, the avalanche 

gain uncertainties are minimized. Avalanche gain increases 

rapidly as the reverse bias approaches ~ 12 V, confirming that 

the abrupt increase in dark I-V observed in Fig. 1 is caused by 

avalanche breakdown, a bulk breakdown mechanism. 

Observing Fig. 3, in all wafers, for a given reverse bias, M 

increases when the laser wavelength decreases, i.e. when the 

carrier injection profile approaches pure electron injection 

with fewer electron-hole pairs generated in the i-layer and 

fewer holes injected from the n+ layer. This suggests that, in 

the Al1-xGaxAs0.56Sb0.44 (x = 0 to 0.15), the electron ionization 

coefficient is higher than the hole ionization coefficient, i.e. 

 > . 

 

TABLE II 

ESTIMATED AL1-XGAXAS0.56SB0.44 ABSORPTION COEFFICIENTS AND PERCENTAGE 

OF LIGHT ABSORBED BY THE P
+- AL1-XGAXAS0.56SB0.44 CLADDING LAYER 

 

Absorption coefficient  
(cm-1) 

Percentage of light 

absorbed by 300 nm of 

Al1-xGaxAs0.56Sb0.44 (%) 

543 nm 633 nm 543 nm 633 nm 

x = 0 2.5104 3.6102 53 1 

x = 0.05 3.6104 5.9103 66 16 

x = 0.10 4.7104 1.1104 76 29 

x = 0.15 5.8104 1.7104 82 40 
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Fig. 1.  Typical room temperature reverse dark I-V (top) and C-V (bottom) 

for 100 m radii devices of the Al1-xGaxAs0.56Sb0.44 wafers.  
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Fig. 2.  Example of dark current, photocurrent, and avalanche gain versus 

reverse bias from the F(M) measurements. Data shown are from the 

Al0.85Ga0.15As0.56Sb0.44 wafer.  
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Fig. 4 shows the experimental mean and standard deviation 

of F(M) from the four wafers. Lines of F(M) based on the 

classical McIntyre model [1] for effective k = 0 to 0.20 in 

steps of 0.05 are included for reference. In all the wafers, 

F(M) characteristics improve (decreases) when the laser 

wavelength decreases. This again suggests that  >  in the 

Al1-xGaxAs0.56Sb0.44 alloy used in this work. The lowest F(M) 

characteristics measured in these devices correspond to the 

effective k = 0.1 lines. In AlAsSb, the lowest excess noise was 

measured under pure electron injection, achieved using a UV 

laser [15]. Therefore we believe that using a shorter 

wavelength laser to achieve a pure electron injection profile is 

likely to yield even lower excess noise characteristics in these 

Al1-xGaxAs0.56Sb0.44 (x = 0 to 0.15) alloys. 

 
The excess noise characteristics of these Al1-xGaxAs0.56Sb0.44 

(x = 0.10 to 0.15) APDs obtained using 542 nm wavelength 

laser are compared with previous reports of InP and InAlAs 

diodes in Fig. 5. The data from alloys with x = 0 and x = 0.05 

are excluded due to their highly mixed carrier injection 

profiles. The InP [26] and InAlAs [27] data chosen for this 

comparison were from experiments that used the preferred 

carrier injection conditions, i.e pure hole injection for InP and 

pure electron injection for InAlAs. The values of w of the InP 

and InAlAs diodes are 250 and 100 nm, respectively. There is 

no available data for InP diode with w ~ 100 nm. Lower 

excess noise was clearly observed in our Al1-xGaxAs0.56Sb0.44 

(x = 0.10 to 0.15) diodes despite not achieving pure electron 

injection. 

 
When compared to excess noise measured under pure 

electron injection in an 80 nm AlAsSb avalanche region [15], 

our measured excess noise is also marginally lower. Our 

results suggests that under pure electron injection conditions, 

the excess noise performance in Al1-xGaxAs0.56Sb0.44 (x = 0.05 

to 0.15) APDs with a thin (110-116 nm avalanche region may 

approach the lowest noise reported in a 230 nm AlAsSb 

avalanche layer. Unlike thin layers of InP and InAlAs, that 

suffer from high tunneling current [16], we demonstrated that 

thin (110-116 nm) AlGaAsSb avalanche layers can produce 

very low excess noise without exhibiting excessive band to 

band tunneling currents. Therefore they can be excellent 

candidates for the avalanche layer in high speed APDs for 

high bit rate optical communication systems.  

IV. CONCLUSION 

In this paper, the avalanche gain and excess noise 

characteristics of thin Al1-xGaxAsSb (x = 0 to 0.15) avalanche 

layers have been presented. Avalanche gain and excess noise 

measurements performed on Al1-xGaxAsSb diodes with 

avalanche layers of 110-116 nm thick indicate that the electron 

ionization coefficient is higher than the hole ionization 

coefficient. The lowest excess noise measured, corresponding 

to an effective k of 0.1, were from Al1-xGaxAs0.56Sb0.44 

(x = 0.05 to 0.15) under mixed injection condition. These are 

much lower than the reported data for InP and InAlAs. 

Therefore high gain and low excess noise can be obtained in 

thin Al1-xGaxAs0.56Sb0.44 without suffering from excessive 

band to band tunneling current. 
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Fig. 3.  Avalanche gain measured versus reverse bias for the 

Al1-xGaxAs0.56Sb0.44 diodes using 633 nm (●) and 543 nm () wavelength 
lasers. 
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Fig. 4.  Excess noise factor versus avalanche gain characteristics measured 
with laser wavelengths 633nm (●) and 543nm (), from AlAsSb, 

Al0.95Ga0.05AsSb, Al0.90Ga0.10AsSb, and Al0.85Ga0.15AsSb diodes. The grey 

dashed lines are calculated using McIntyre’s local model [1] for k from 0 to 
0.2 in steps of 0.05. 

Avalanche gain, M

2 4 6 8 10 12 14
E

x
ce

ss
 n

o
is

e,
 F

 
1

2

3

4

5

Al
0.85

Ga
0.15

AsSb

InAlAs
InP

Al
0.90

Ga
0.10

AsSb

 
Fig. 5.  Comparison of excess noise versus gain characteristics of 
Al0.85Ga0.15AsSb w = 100 nm diode, InP w = 250 nm diode [26], and InAlAs 

w = 100 nm diode [27]. The dashed lines are calculated using McIntyre’s 

local model of k from 0 to 0.3 in steps of 0.1. 
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