
ROOTHz Deliverable 3.3: Characterization  p 1 of 36 

 

Deliverable 3.3 
Report on characterization of Run 2 nanodevices and 

emitter/detector system 

 

Workpackages involved: WP3 

Delivery date: M42 

Lead beneficiary: IEMN 

Date: 27 August 2013 

 

 

Grant Agreement number: FP7-243845 

Project acronym: ROOTHz 

Project title: Semiconductor Nanodevices for Room Temperature THz Emission and 

Detection 

Funding Scheme: Collaborative Project (STREP) 

Date of latest version of Annex I against which the assessment will be made: 25-5-2012 



ROOTHz Deliverable 3.3: Characterization  p 2 of 36 

TABLE OF CONTENTS 

Characterization tasks during the 3rd Review Period ......................................................................................... 3 

1.  Task 3.1: Physical characterization ............................................................................................................ 3 

1.1  InAs SSDs (CHAL) .............................................................................................................................. 3 

1.2  Comparison between wet and dry etching in InGaAs SSDs (UNIMAN+CHAL) ................................. 5 

2.  Task 3.2: electrical (DC and RF) characterization ..................................................................................... 6 

2.1  DC and RF characterization of high-k coated InGaAs SSDs (UNIMAN) ............................................ 6 

2.1.1  DC and RF characterization of InAs and InGaAs SSDs (CHAL) ................................................. 7 

2.1.1.1  Room temperature DC measurements ................................................................................. 8 

2.1.1.2  DC cryogenic measurements of InAs SSDs ......................................................................... 9 

2.1.1.3  On-wafer RF measurements .............................................................................................. 10 

Dependence on W ............................................................................................................................ 11 

Dependence on N and L (InAs SSDs) .............................................................................................. 13 

2.1.2  DC and RF characterization of WBG SSDs (IEMN) .................................................................. 14 

2.1.2.1  DC and RF characterization SSDs with Ion-implanted trenches (IEMN) ........................... 17 

3.  Task 3.3: THz characterization (UNIMAN+CHAL+IEMN) ........................................................................ 20 

3.1  THz characterization of Slot diodes (CHAL+IEMN+UNIMAN)) ........................................................ 20 

3.2  THz characterization of InAs and InGaAs SSDs (CHAL+IEMN) ...................................................... 21 

Sub-THz imaging with InAs SSDs (IEMN) ........................................................................................ 22 

THz wireless communications with InAs-based SSDs (IEMN) ......................................................... 24 

3.2.1  THz characterization of GaN SSDs (IEMN) ............................................................................... 25 

3.2.2  THz characterization at external laboratories ............................................................................ 27 

3.2.2.1  Characterization at USAL (Y. M. Meziani) .......................................................................... 27 

3.2.2.2  Characterization at the Univ. of Rochester, EE. UU. (UROCH, R. Sobolewsky) ............... 29 

3.2.2.3  Characterization at the Univ. of Montpellier (UMONT, J. Torres, L. Varani, P. Nouvel) .... 30 

Laser beating characterization of InGaAs SSDs (USAL+UMONT) .................................................. 30 

THz heterodyne detection with GaN SSDs (UMONT) ...................................................................... 31 

Direct detection with GaN SSDs (UMONT) ...................................................................................... 34 

Summary ......................................................................................................................................................... 36 

NBG SSDs ................................................................................................................................................... 36 

WBG SSDs .................................................................................................................................................. 36 

 



ROOTHz Deliverable 3.3: Characterization  p 3 of 36 

CHARACTERIZATION TASKS DURING THE 3RD REVIEW PERIOD 

The tasks for the third year of the project in WP3 are similar to those developed in the previous review 

period, with the only difference is that optimized devices will be characterized: 

 Task 3.1: Physical characterization (SEM, XTEM, AFM, etc.) of the fabricated devices. 

 Task 3.2: Electrical (DC and RF) characterization. This is the first step to confirm the correct operation 

of the devices and to determine their dynamic response up to 325 GHz (the limit of the available RF 

equipment) using integrated coplanar waveguides.  

 Task 3.3 THz characterization: Characterization of the fabricated emitters and detectors with a variety 

of complementary techniques (in free space beyond 325 GHz). Cooled bolometers and pulsed 

measurements will be used in order to improve the sensitivity and avoid heating problems. 

The main goals for this period were to demonstrate the operation of emitters at frequencies above 

200 GHz and detectors at >1 THz. 

The main objectives were focused on the THz characterization of the emitters, developing a pulsed 

characterization setup that allows to bias the devices above the threshold for the appearance of Gunn 

oscillations avoiding an excessive heating. Also, more sensitive and broadband experiments, both for 

characterizing emission (using bolometers) and detection (with UTC photodiodes, laser beating and fs lasers) 

were planned at the partners’ laboratories and at collaborating sites, trying to evidence detection with SSDs at 

frequencies above 1 THz and emitters at >200 GHz (based on slot-diodes or SSDs).  

1. TASK 3.1: PHYSICAL CHARACTERIZATION 

The results of the physical characterization of the technological process of InAs-based SSDs developed 

at CHAL (which has been the most problematic fabrication issue during this period), will be first presented. 

Different techniques (top view and cross section SEM pictures were taken, together with inspection with 

scanning transmission electron microscope, XTEM, and AFM) were used at different stages of the process in 

order to monitor and solve the causes of the failures.  

We have also tried to explain, by means of the physical characterization of the devices, the differences 

between the I-V curves of the InGaAs-based SSDs fabricated at CHAL and UNIMAN since only the wet 

etching process of UNIMAN is able to provide a rectifying characteristic (which is the best suited for an 

improved THz detection).  

Regarding GaN-based SSDs, the technological process at IEMN was already stable for Run 2 and not 

much efforts have been done on the physical characterization of Run 3. 

1.1 InAs SSDs (CHAL) 

Dry etched and in-situ passivated InAs-based SSDs were fabricated at CHAL. Producing stable devices 

from the chemically unstable InAs/AlSb structure proved challenging, requiring 40-50 attempts and epilayers 

purchased from different vendors. A trade-off between electrical leakage and conductivity was made. Finally, 

InAs SSDs could be processed successfully. The design of the epitaxial structure, particularly the buffer, was 

crucial for successful fabrication of InAs SSDs. Examples of investigated designs are given in Figure 1, 

together with SEM cross-sections of etched and passivated SSD trenches. The cross-section was made by 

fabricating long trenches and then breaking the substrate perpendicularly to the trenches. The Hall data for 

the epitaxial structure used is shown in Table .  
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Figure 1: Three buffer designs explored in the development of the InAs SSD process: (a) AlSb/AlGaSb/AlSb buffer, (b) 
pure AlSb and, (c) AlGaSb/AlSb buffer which was used in the final fabrication. The material was grown by CHAL, Intelliepi 
(commercial vendor) and IEMN, respectively.  

Table 1: Hall data of InAs and InGaAs SSD wafers measured in passivated regions where the cap layer had been etched 
away, similar to the active regions of the SSDs. 

Sample Rsh (/sq)  ns (1012 cm-2)  (cm2/Vs) 

InAs 167 1.5 26000 

InGaAs 480 0.9 15000 

The top-view SEM-picture and the cross-section of etched trenches in Figure 2 show the high quality 

achieved in the lithographic process. The etch of the trenches was stopped just below the InAs channel, as 

shown in the scanning transmission electron microscope cross-section (XTEM) of Figure 3, of a nominally 50 

nm wide InAs SSD. The top AlGaSb barrier layer was 35 nm wide.  

Figure 2: Top view SEM image of an InAs SSD after trench 
fabrication. The inset shows a SEM cross-section of a finalized 
SSD channel covered with 180 nm SiNx passivation.

Figure 3: XTEM of a 50 nm InAs SSD. 
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1.2 COMPARISON BETWEEN WET AND DRY ETCHING IN InGaAs SSDs 
(UNIMAN+CHAL) 

The process used at UNIMAN has not changed since the beginning of ROOTHz, using a wet etching 

based lithography. On the contrary, at CHAL, the trenches were patterned by e-beam lithography and etched 

with a Cl:Ar inductively-coupled plasma reactive ion-etch process. A top- and cross-sectional SEM of a 

fabricated InGaAs SSD is shown in Figure 4. The SEM image of Figure (a) shows an InGaAs SSD with a 

narrow channel of about 40 nm fabricated at UNIMAN using wet chemical etching, as opposed to the dry 

etching by CHAL.  
 

 

Figure 4: (a) Top view and cross-section SEM images of 
a finalized InGaAs SSD fabricated at CHAL. (b) Saturating 
I-V curves of an array of 5 SSDs with channel width 
around 50 nm. 

Figure 5: (a) Top view SEM images of a single InGaAs 
SSD fabricated at UNIMAN with a channel width around 
40 nm. (b) I-V curve of the SSD.  
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The current level provided by the UNIMAN InGaAs SSD, Figure (b) is similar to that of CHAL (shown in 

Figure 4(b) for an array of 5 SSDs in parallel), but in this case a rectifying I-V curve is obtained (and not just a 

slightly asymmetric saturating current). The different behavior of the current may be due to the SiNx passivation 

of the CHAL SSDs (not realized for the UNIMAN devices), which reduces the amount of surface traps and 

decreases the size of the depletion region near the interfaces. Also, a higher carrier concentration in the CHAL 

devices would make it more difficult for the self-switching effect to be effective, resulting in a weaker nonlinear 

behavior (maybe compensated by a lower carrier mobility in the narrow channels due to the lattice damage 

due to the bombardment by energetic ions during the dry etching process). 

However, these potential differences in surface charge level or carrier concentration cannot easily explain 

the fact that no SSD fabricated at CHAL has shown an I-V curve with rectifying shape, regardless of the width 

of the channel. One would expect that the devices with narrow channel fabricated with the dry etching process 

of CHAL (providing sharper edges in the trenches, as compared with the wriggly edges of the SSDs fabricated 

at UNIMAN) will produce a better rectification, but the result is the opposite. The CHAL devices always show 

a saturating behavior [as shown in Figure 4(b)], more asymmetric as the width of the channel decreases, but 

they never present a strong rectifying shape as the UNIMAN devices [shown in Figure (b)]. A possible 

explanation for the differences in the I-V curves could then be associated to the different morphology of the 

channel walls obtained with the wet/dry etching processes. MC simulations will be used to try to explain this 

fact, but it is not easy to perfectly reproduce such complex geometry. 

2. TASK 3.2: ELECTRICAL (DC AND RF) CHARACTERIZATION 

2.1 DC AND RF CHARACTERIZATION OF HIGH-k COATED InGaAs SSDs (UNIMAN) 

Figure 6(a) shows the I-V characteristics of an InGaAs SSD (Device 8-7) with L=3.0 m and W=215 nm 

before and after coating with a 20 nm film of SiNx, which is much less than the trench etching depth (around 

60 nm). Even though, the current is significantly enhanced. Device 9-7 (L=3.0 m and W=236 nm) was coated 

with a much thicker film of 100 nm SiNx, resulting in the trenches to be completely filled up, and thus providing 

a larger increase of the current, Figure 7(a).  

In order to determine whether the net nonlinear characteristics of the device have also been enhanced, 

the nonlinear components of the I-V curves, namely [I(V)+I(-V)]/2, have been extracted for both devices and 

plotted in Figure 6(b) and Figure 7(b). Clearly the device nonlinearity has also been significantly enhanced, 

particularly at low biases. At 0.5 V, for example, the nonlinear component of the I-V is boosted by a factor of 

about 10, indicating that the threshold voltage of the device has been reduced. In comparison, the relative 

enhancement of nonlinearity is much lower at 3 V. It is also observed that the increase of the nonlinearity is 

enhanced by a thicker SiNx coating.  

 
Figure 6: (a) I-V characteristics of device 8-7 (L=3.0 m and W=215 nm) before and after coating of 20 nm SiNx and (b) 
their nonlinear component. 
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Figure 7: (a) I-V characteristics of device 9-7 (L=3.0 m and W=236 nm) before and after coating of 100 nm SiNx and (b) 
their nonlinear component. 

Both coated devices 8-7 and 9-7 have been characterized in RF experiments up to 110 GHz. For 

comparison, another uncoated device (9-1) with similar geometry has also been tested. The results at zero 

bias are shown in Figure 8, clearly showing the strong enhancement of the device responsivity by high-k 

coating (as expected by its increased non-linearity). Devices coated with HfO2 were also fabricated and tested, 

and the results were similar. 

 

Figure 8: Comparison of the RF performance of SSDs with and without SiNx coating up to 110 GHz at zero DC bias. Device 

9-1 was not coated with SiNx. 

2.1.1 DC AND RF CHARACTERIZATION OF InAs AND InGaAs SSDs (CHAL) 

This section starts by explaining the relationship between the “static” responsivity (at low frequency) and 

the I-V measurements. Then follows RF characterization, performed on-wafer for 2-315 GHz and in free-space 

with an SSD with an integrated antenna at 200 and 600 GHz. Finally, imaging experiments using an InAs SSD 

detector are presented.  

The intrinsic responsivity (at low frequency) and the (non-linear) I-V curves of any device can be related 

in the following way: 
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It is to be noted that a parabolic I-V curve provides a responsivity which is constant with the input power. 

In any other case the responsivity is constant only for low input power, while the I-V curve can be approximated 

by a dependence I=k·V2. Outside this region, the absorbed power will cause self-bias thus making the 

responsivity power dependent. 

2.1.1.1 Room temperature DC measurements 

I-V measurements of arrays of SSDs with narrow channels of InAs (W=35 nm) and InGaAs (W=50 nm) 

are presented in Figure 9(a) and Figure 10(a), respectively. The width of both the horizontal and vertical 

trenches (Wh and Wv) is 50 nm. These devices were the best ones in terms of extrinsic NEP in each technology. 

The most important difference between them is that for the InAs SSD N=43 and for the InGaAs SSD N=5. Also 

shown in Figure 9 and Figure 10 is the asymmetric current Iasym for the corresponding devices, defined as 

Iasym=[I(|V|)-I(-|V|)]. In other words, Iasym represents how higher the current is in forward bias as compared to 

reverse bias. For the InAs SSD the current is only slightly higher in forward bias than in reverse bias. As shown 

in Figure 9(b), Iasym≈ 60 A for +0.5 V, for a DC current of about 1 mA.  

Figure 9: (a) I-V characterization of an InAs SSD and (b) the asymmetric current Iasym. 

Figure 10: (a) I-V characterization of an InGaAs SSD and (b) the asymmetric current Iasym. 

While Iasym of this device is of the same order of magnitude as for other non-linear detectors such as Sb-

based backward diodes1, it constitutes only ≈ 6% of the total current provided by the InAs SSD. This large 

contribution of the symmetric current comes from the fact that the channel is not completely closed in reverse 

bias. However, it is this small asymmetry that allows the InAs SSD to operate as a detector. 

                                                      
1 N. Su, “Sb-heterostructure millimeter-wave detectors with reduced capacitance and Noise Equivalent Power,” IEEE 
Electr. Dev. Lett. 29, p. 536-539 (2008) 
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The I-V for InGaAs SSD is in many aspects different from the InAs I-V. First, the current in the InGaAs 

SSD starts to saturate at about 0.1 V. This saturation is similar to that observed in ID-VDS measurements for 

VGS=0 V of InGaAs HEMTs fabricated in the same heterostructure. Second, the current per SSD is more than 

a factor 15 lower than in the InAs SSDs. However, the asymmetry is stronger, below saturation, Iasym in the 

InGaAs SSD is about 15% of the total forward current.  

The values of responsivity can be derived from the measured I-V curves according to (1) and those of the 

intrinsic/extrinsic NEP are simply given by NEPint/ext= B 04k TR /Sint/ext. The values in Table 2 have been derived 

from the I-V measurements presented in Figure 9 and Figure 10. In comparison to the InGaAs SSD, the InAs 

SSD has much lower Sint and higher NEPint. However, the significantly lower R0 makes the power transfer from 

a 50  system easier with the InAs SSD than for the InGaAs SSD.  

Table 2: Detector characteristics of InAs and InGaAs SSDs derived from I-V measurements. 

 N W R0 () Sint (V/W) NEPint (pW/Hz) Sext (V/W) NEPext (pW/Hz) 

InAs SSD 43 35 350 18 200 11 210 

InGaAs SSD 5 50 1800 14000 1.2 150 115 

DC-measurements of R0 and curvature  at zero bias as a function of the width of the channel W are 

shown in Figure 11. As expected from its lower current level, the resistance of the InGaAs SSDs is many kfor 

small W, making matching difficult. Smaller W leads to higher  in both InAs SSDs and InGaAs SSDs, reaching 

maximum values of 0.2 V-1 and 2.5 V-1, respectively. For comparison, zero-bias Schottky diodes and 

Sb-heterostructure diodes have  of 26 and 47 V-1, respectively, leading to the high responsivities observed 

with those diodes.  

Figure 11: R0 (crosses) and zero-bias   (circles) versus W in the (a) InAs and (b) InGaAs SSDs of Figure 9 and Figure 10, 
respectively. The number of channels in parallel is N=43 and 5, for the InAs and InGaAs SSDs, respectively. 

2.1.1.2 DC cryogenic measurements of InAs SSDs 

I-V and detection measurements were carried out on an InAs SSD (W=200 nm, N=3, Wh=Wv=500 nm, 

L=3800 nm) at 6 K and compared to those made at room temperature. Hall measurements were performed at 

77 K on a sample processed in the same way as the SSD, but with the cap layer etched away. By etching 

away the cap, the transport properties of just the 2DEG were investigated. Table 3 shows how the sheet 

resistance Rsh is virtually unaffected upon cooling from 300 K to 77 K since the sheet carrier concentration ns 

is halved and the mobility  doubled. The transport properties are not expected to differ significantly between 

6 K and 77 K.  

In Figure 12(a), the I-V curve of the InAs SSDs is plotted at 300 K and 6 K. R0 increases upon cooling, 

from 2.8 k to 6.9 k. From the Hall measurements on the 2DEG showed in Table 3, the resistance was 

expected to stay about the same, therefore a possible reason for the discrepancy is a change in the amount 

(a) (b) 
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of surface charges. At 6 K the effective channel width seems to have decreased. For larger V, current increases 

rapidly (independently of the temperature) due to the onset of impact ionization processes at about V=0.2 V. 

Figure 12(b) shows the intrinsic responsivity, Sint, estimated near equilibrium according to (1) and (2) at 300 K 

and 6 K. At V=0 its values are 490 and 4400 V/W, respectively. The corresponding NEPint values were 14 and 

0.34 pW/Hz. Thus, the performance of the InAs SSD as THz detectors is expected to be significantly improved 

upon cooling. This has been verified with RF measurements in InGaAs SSDs, but not so far in InAs SSDs. 

Table 3: Hall measurements for InAs SSDs at 300 K and 77 K. 

 Rsh (W/sq) ns (cm-2) m (cm2/Vs) 

300 K 181 1.3×1012 26000 

77 K 175 6.3×1011 57000 
 

 

Figure 12: (a) I-V measurements and (b) estimated Sint for an InAs SSD at 300 K and 6 K. 

2.1.1.3 On-wafer RF measurements 

On-wafer measurements were performed using a vector network analyzer as the signal source. The setup 

is shown in Figure 13. Different equipment was used for each of the three different bands (2-50, 140-220 and 

240-315 GHz), all following the same principle: the power from the source was measured with a calorimetric 

power meter for each frequency setting. By subtracting the loss of the RF probes, the available power at the 

probe tip, Pi, was found. The power incident to the device was 1.7-8.5 W, delivered by a 50  source. The 

DC detected voltage, Vdet was measured through a bias-tee with a high-resistance load. The unmatched 

responsivity Sext was calculated as the ratio Vdet/Pi. 

 
Figure 13: Schematic view of the setup for on-wafer characterization of InAs and InGaAs SSDs. 
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The influence of design parameters on the responsivity and NEP was studied at 50 GHz. Typical designs 

for InAs and InGaAs SSDs are shown in Table 4. Based on these designs, the dependence on W was tested. 

For InAs SSDs, also the dependence on N and L was investigated.  

Table 4: Typical SSD designs fabricated in InAs SSDs and InGaAs. 

Material W (nm) N L (nm) Wh (nm) Wv (nm) 

InAs 45 43 1100 100 100 

InGaAs 45 5 1100 100 100 

Figure 14(a) shows Sext as a function of frequency for InAs SSDs with three different W. The ripple in the 

data is attributed to the fact that when Po was measured with the power meter, the source saw a different load 

than when the SSDs were measured. Notably, no strong roll-off is observed in the measured band up to 

315 GHz. The highest Sext is achieved for W=35 nm, for which Sext>10 V/W in the measured band. Figure 14(b) 

shows the corresponding data for InGaAs SSDs. The values found for Sext in the InGaAs SSDs are higher than 

in the InAs SSDs.  

 

Figure 14: Sext vs. frequency calculated from on-wafer RF measurements for (a) InAs and (b) InGaAs SSDs.  

Dependence on W 

The channel width W is an important design parameter in the SSD. A detailed study of how Sext depends 

on W is shown in Figure 15 for InAs and InGaAs SSDs. The measurement was performed at 50 GHz with an 

incident power of 3.2 W. Clearly, Sext increases as the channel is narrower, and the values obtained for 

InGaAs (a maximum of about 370 V/W) are much higher than for InAs (maximum of 17 V/W, 22 times lower). 

This dependence on W can be more easily understood by studying the values of Sint, Figure 16. For InAs 

SSDs, Sint is obtained from the RF measurements as Sext=Sint/(1-||2), where  was the measured reflection 

coefficient. For InGaAs SSDs, R0>>1 k, thus  was close to 1 and hard to measure, so that it has been 
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extracted from DC-measurements. Figure 16 shows the comparison between the values of Sint extracted from 

the RF characterization and those derived from the I-V measurements using (1). In order to adequately 

calculate the value of the curvature of the I-V curve,  , it was fitted with a 5th-order polynomial for V in the 

range (-0.2 V,0.2 V). The value of Sint derived in this way perfectly matched the RF measurements. This opens 

for further understanding of the effect of the different design parameters based just on the shape of the I-V 

curve without the need for complex RF measurements. 

Figure 15: Sext at 50 GHz for (a) InAs and (b) InGaAs SSDs.  

Figure 16 shows that the highest values of Sint are 34 V/W and 270 kV/W for InAs and InGaAs, 

respectively, achieved for the smallest W investigated (as expected from the MC simulations, that predict an 

optimum responsivity when the channel is almost completely pinched off at equilibrium). The difference 

between both technologies is larger than for Sext due to the poorer matching provided by the highly resistive 

InGaAs SSDs (an increase by a factor x80 is obtained with respect to InAs SSDs).  

Figure 16: Sint vs. W as measured (crosses) and calculated from I-V curves (circles) for (a) InAs and (b) InGaAs SSDs. 

For InAs SSDs, when W is decreased from 120 to 35 nm, Sint increased from 6.5 to 34 V/W, 

corresponding to a factor x5.2. The DC analysis previously reported in Figure 11 showed that the increase in 

R0 was a factor 2.8 (from 126 to 350 ) and in  a factor x2 (from 0.1 to 0.2 V-1). The increase in  is important 

since it shows that the increase in Sint is not merely due to an increased R0, but also an increased non-linearity 

of the current in each channel. An increased R0 increases also Sint, but it will also increase the mismatch (thus 

Sext would not be much improved). For InGaAs SSDs, when narrowing the channel from W=90 to 20 nm, Sint 

increased from 3.2 to 270 kV/W, and  by a factor x3.6.  

The lowest values obtained for the NEPext and NEPint (considering the thermal noise given by R0) for 

InAs SSDs were 150 and 65 pW/Hz, respectively, and for InGaAs SSDs, 60 and 0.3 pW/Hz, Figure 17. 

A NEPext=64 pW/Hz was previously achieved in ROOTHz by UNIMAN by means of a highly parallelized array 

of InGaAs SSDs with N=2000. Here, a similar value is achieved but with just 5 channels in parallel. In this 
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study, both the minimum NEPext and NEPint were considerably lower in InGaAs SSDs than in InAs SSDs, 

indicating that the higher responsivity of InGaAs diodes is prevails over their larger resistance. For InGaAs 

SSDs, W=50 nm is optimal in terms of NEPext. For smaller W, the large increase of R0 caused the noise to 

increase. In InAs SSDs, the lowest NEPext and NEPint are achieved for the lowest W. A further reduction of W 

may thus further improve the device performances. All these results confirm the predictions made by MC 

simulations in the deliverable D1.2 (Design rules for the optimization of Run 2 devices) on M18. Only a slight 

shift on the values of W that provide the optimum performances is observed due to a larger depletion width 

considered there for InGaAs SSDs (75 nm, that resulted on an optimum value of W of about W=150 nm). Using 

the experimental I-V curves, the depletion width for InAs SSDs was estimated to be about 5 nm, so that the 

optimum value of W should be around 10 nm, again in good agreement with the experimental results. 

Figure 17: NEPext (red crosses) and NEPint (circles) versus W measured at 50 GHz. 

Dependence on N and L (InAs SSDs) 

In InAs SSDs, also the N dependence was studied, with results shown in Figure 18. From the N=43 

device, the dependence on N of the resistance, Sint, Sext, NEPext and NEPint of arrays of N parallel SSDs was 

determined (taking into account that Sint,N=1=N×Sint,N, R0,N=1=N×R0,N and the consequent dependence of  on 

N). Figure 18 shows the comparison of the theoretical extrapolation of the results obtained with N=43 with the 

measurements realized in arrays of SSD with different N. The agreement is good, with some discrepancy for 

small N. NEPint increases for higher N but NEPext decreases as expected by the lower resistance that results 

in a reduced mismatch. Figure 18(b) further suggests that increasing N beyond 40 has little effect on NEPext 

even if the expected minimum occurs for N=70.  

   
Figure 18: Sint and NEPint (circles), and Sext and NEPext (crosses) versus N, measured at 50 GHz. The theoretical relation 
(black lines) was derived from the value of Sint and R0 for the SSD with N=43. 
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The last design parameter investigated was the length of the channels L, shown in Figure 19. Longer 

SSDs provide higher Sint and lower NEPint. Also Sext and NEPext are improved, but to a lesser extent due to 

increased R0 and the consequent increased mismatch.  

     

Figure 19: Sint and NEPint (circles), and Sext and NEPext (crosses) versus L, measured at 50 GHz. 

Again, predictions made by MC simulations in the deliverable D1.2 were qualitatively correct, showing 

how the increase on N is beneficial for the NEPext but not for the Sext. Regarding the dependence on L, an 

optimum length of about L=1 m (providing the minimum NEPext) for the InGaAs SSDs was obtained with the 

simulations. The value found experimentally for InAs SSDs is slightly different due to the different value of the 

resistance of the devices, that affects the power matching and hence the values of both Sext and NEPext. 

2.1.2 DC AND RF CHARACTERIZATION OF WBG SSDs (IEMN) 

After the measurements done on Run 2 devices, and taking into account the results of MC simulations 

and the possible optimizations to be made in the antenna and contact design, the new mask design and 

fabrication were done, finished in March 2012 (M27).  

 

  
Figure 20: I-V curves of arrays of 16 SSDs with different geometries fabricated in Run 3. 
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This last run was mainly focused on achieving Gunn oscillations with the shortest diodes (L=500 nm), 

in order to have a reduced threshold voltage and also higher frequencies. Broadband spiral and bow-tie 

antennas were adequately designed and integrated with all the arrays aiming at enhancing the free space 

coupling of the Gunn oscillations to be generated within the SSDs. V-Shape diodes were designed with 6 

different geometries using a channel length of 1 µm (theoretical oscillation frequencies around 300 GHz) and 

other 2 geometries with L=500 nm (expected oscillation frequencies around 370 GHz). Four geometries of 

square diodes, with two different channel widths (500 and 750 nm) and lengths (500 and 1000 nm), were also 

designed. All of the 10 different geometries were fabricated in arrays of 32 SSDs in parallel, but also in arrays 

of 16 SSDs with increased separation and half the total dissipated power in order to avoid possible heating 

problems. In all the cases the technological process was 100% successful and the devices were working 

perfectly in DC, as seen in Figure 20, where the I-V curves of 2 different geometries of each square and 

V-shape GaN SSDs (arrays of 16 channels) are plotted and Figure 21, where the influence of the I-V curves 

of the arrays of 16 and 32 channels in parallel are compared. After the initial verification of the DC correct 

behavior of the GaN SSDs, bonding and integration processes have been realized. Figure 20 shows the I-V 

curves before and after bonding process, evidencing that the SSD is not affected by the integration steps. 

 
Figure 21: Some examples of I(V) curves for GaN SSD of the third run dedicated to emission: the results here stand for 
the V-shaped optimized emission structures. 

The GaN SSDs has been tested on wafer at IEMN using the Vector Network Analyzers (VNAs) benches 

to try to characterize the most accurately possible their RF detection capabilities for various topologies. The 

main idea is to use the millimeter-wave heads of the VNAs coupled with Ground-Signal-Ground (GSG) probes 
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(up to 325 GHz) as sources and inject this RF signal into the SSD. Then, the rectified voltage is detected and 

measured. Based on this, we defined the extrinsic responsivity of the SSD acting as a THz rectifier: Sext 

=Vrect/P0, where Vrect is the detected voltage (measured on a 1 M voltmeter) and P0 is the injected power, 

taking into account the GSG probes losses.  

To evaluate the responsivity of the fabricated SSDs, a Rohde & Schwarz vector network analyzer (ZVA-

24) with WR 5.1 and WR 3.4 frequency extenders for G and J bands, respectively (140-220 and 220-325 GHz, 

was used. As this kind of electronic source is composed of a multiplication chain, the measurement frequency 

points have been verified to be spurious free (monochromatic signal). At each frequency point, the VNA output 

power was first calibrated using a PM4 calorimeter from Erickson Instruments. The signal generated by the 

frequency extender is applied to the nanochannels using a Cascade Microtech infinity coplanar probe within 

the GSG configuration (50 µm pitch). Probes transmission losses have been measured separately in order to 

determine the injected power to the SSDs (around -25 dBm). The DC voltage across the devices is measured 

through the coplanar probe bias network. The frequency extender used in 140-220 GHz range has less injected 

power compared to the 220-325 GHz one, resulting in a limited signal to noise ratio at the voltmeter used for 

rectified signal measurement, leading to higher noise in the measured responsivities. For each measurement, 

the DC signal is averaged to limit the noise effects. Figure 22 shows the scheme of the experimental setup 

and the result of the measurement of P0. It should be highlighted the points where the signal generated from 

the VNA is not monochromatic have been removed since they cannot be used for an accurate determination 

of the responsivity of the SSDs. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 22: Experimental setup for measuring P0 (injected power) and the values obtained vs. frequency. 

MC simulations of RF detection were also performed to explain the experimental results following the 

methodology explained in section 2.1.1 of the Scientific report (D5.3). The measured values of Z0 (shown in 

the inset of Figure 23) have been used for the calculation of the value of  for the lower frequencies. Above 

320 GHz, a constant value of Z0=(40+6j)  has been considered. As we can see in Figure 23, there is a good 

overall agreement in the I-V curve and extrinsic responsivity between simulations and measurements. Also 

plotted in Figure 23(b) are the MC results obtained by considering a constant value of Z0=50 , showing the 

influence of the non-ideality of the coplanar line, which reduces the responsivity at intermediate frequencies. 

It is also remarkable that if the value of Z0 used in the calculations is increased to 75 , the value of the 
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responsivity is significantly increased, thus showing that the responsivity of the devices can be improved by a 

modified design of the coplanar accesses (high impedance lines) allowing for a better power matching. 

In these results, a strong cut off frequency is not identified, so that 320 GHz should not be the upper 

operational limit of our devices. In fact, the simulations show that the devices could still be used at frequencies 

approaching the THz range. For example, based on the measurements, a responsivity of at least 10 V/W is 

still expectable beyond 600 GHz, which lets envisage that a signal with tens of µW power level should be 

detectable with this GaN SSD. In fact, the last measurements performed at the University of Montpellier on 

GaN SSDs shown the evidence of detection at 670 GHz. 
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Figure 23: a) Comparison of simulated and measured (blue stars) I-V curves of the SSD in the SEM picture of the inset 
and b) its extrinsic responsivity. The MC results calculated by using the experimental value of the characteristic impedance 
of the coplanar line accesses (plotted in the inset), shown in black symbols, are compared with those obtained by using 
real values for Z0 corresponding to ideal lines of Z0=50 Ω (white circles) and Z0=75 Ω (white triangles). The measured 
responsivity in the 160-220 GHz range are affected by noise due to a power-limitation associated to the WR 5.1 extender 
used as a source. 
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effective channel widths lower than W=90 nm, we have replaced the etching technology by an ion implantation 

step. Other advantage of the implanted trenches is that the dielectric constant of the implanted GaN is higher 

than that of air, thus improving the lateral field effect and enhancing the non-linear behavior of the SSDs, and 

therefore the responsivity of the detectors fabricated with them. Figure 24(a) shows the I-V curves of 16 etched 

and implanted SSDs with similar values of Weff: an implanted nanodiode with a projected width of W=200 nm 

(Weff≈28 nm, extracted from measurements of channels with different widths) and a recessed nanodiode with 

a 90 nm wide channel (Weff≈30 nm, since the depletion region in this type of devices is about 30 nm wide). 

Both curves are quite similar, even if the saturation shows some differences. In Figure 24(b) we can compare 

the intrinsic responsivity of etched and ion implanted SSDs with different channel widths. As expected, the 

maximum responsivity is obtained for a projected channel width of W=175 nm (corresponding to a quasi-

pinched-off channel, Weff≈3 nm). For channel widths lower than 175 nm, there is a very low carrier density in 

the channel and its resistance is very high (~MΩ), so that the responsivity decreases sharply for the SSDs with 

W=150 nm. Figure 24(b) also shows that, as expected from their analogous I-V curves and Weff, the 

responsivity of the etched SSD with W=90 nm and the implanted one with W=200 nm, are very similar.  

The array of 16 ion implanted SSDs with W=175 nm is able to detect at room temperature with zero-

bias a sub-millimeter wave signal of -25 dBm power at 0.3 THz with a responsivity of 100 V/W. This value 

does not seem to decrease for higher frequencies, which confirms its possible operation up to THz frequencies. 

As our detectors operate at zero bias, the noise generated by the SSD is essentially due to thermal fluctuations 

(Johnson-Nyquist noise), since 1/f noise is absent at equilibrium. Therefore the noise power spectral density 

per Hertz is given by 4kBTR0. This SSD array has a resistance of approximately 50 kΩ, giving a voltage noise 

of ~28 nV/Hz. Using the measured responsivity, the noise equivalent power (NEP) is about 280 pW/Hz 

@300 GHz. These results demonstrate the good performance of our ion implanted AlGaN/GaN SSDs, with 

still much room for improvement by using more optimized designs. 

 

Figure 24: Zero bias intrinsic responsivity of arrays of 16 implanted SSDs with different projected channel widths W, from 
150 nm to 200 nm. Measurements for the array of etched SSDs with W=90 nm are also shown for comparison. 

In order to explain the mechanism for the terahertz detection of the SSDs, the non-linearity of their I-V 

characteristics has been studied. Since these are unbiased detectors, the quantities of interest are the zero 

bias resistance, the zero-bias non linearity, and the curvature coefficient . Taking into account the low power 

amplitude of THz radiation across the devices, the voltage excursion on the I-V curve has been estimated to 

be from -50 to +50 mV approximately. In this region, the I-V characteristic has been fitted with a fifth order 

polynomial, Figure 25(a). Then we have calculated the parameters corresponding to an individual SSD: 

resistance defined as R=dV/dI [Figure 25(b)]; non linearity defined as the second derivative of the current 

d2I/dV2 [Figure 25(c)], and finally, the curvature already defined by eq. (2) [ratio of the non-linearity to the 

conductance, Figure 25 (d)]. It appears that when decreasing the channel width of the ion implanted SSDs 

from W=200 nm to 175 nm, the resistance increases by several orders of magnitude leading to higher values 

of the curvature coefficient and therefore to a higher voltage responsivity as observed in Figure 24. The 
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parameters for the ion implanted SSD with W=150 nm are not represented as the current level was too small 

to fit correctly its I-V curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25: Comparison of the nonlinearity of the arrays of 16 SSDs fabricated by ion implantation (W=200 nm, green line, 
and W=175 nm, red line) and etching (W=90 nm, black line). (a) I-V characteristic fitted with a fifth order-order polynomial, 
(b) resistance, (c) nonlinearity, and (d) curvature coefficient γ. 

The values given for the responsivity and NEP correspond to the extrinsic ones. In order to have an idea 

of the intrinsic ones an electrical model has been developed accounting for the losses of the access line (see 

Figure 26). 

Figure 26: Electrical equivalent circuit of the SSD Figure 27: Intrinsic responsivity versus frequency of the 
ISSD with W=175 nm and the etched SSDs with W=75 
nm (arrays of 16 channels). 

With this model, the intrinsic performances for the arrays of 16 SSDs obtained at 300 GHz (that could 

be similar still at higher frequencies due to the flat response shown in Figure 27) are: 

 ISSD (W=175 nm, R0~50 k): intrinsic responsivity of 3100 V/W and NEP~9 pW/Hz  

 Etched SSD (W=75 nm, R0~1.4 k): intrinsic responsivity of 140 V/W and NEP~34 pW/Hz 
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3. TASK 3.3: THz CHARACTERIZATION (UNIMAN+CHAL+IEMN) 

3.1 THz CHARACTERIZATION OF SLOT DIODES (CHAL+IEMN+UNIMAN)) 

The initial emission tests using Schottky detectors were performed at IEMN. The scheme of the setup 

is shown in Figure 1(a). The samples were glued to a PCB and a Si lens was placed firmly against the backside 

of the substrate. The test procedure starts with the alignment of the sample, the Si lens, the optics and the 

detector. Figure 1(b) shows the alignment of the emission test setup using a Schottky barrier diode integrated 

in a waveguide, with an optical chopper that modulates the beam. 

 

     

Figure 1: (a) Scheme and (b) picture of the set-up for slot diode emission experiments with a Schottky detector at IEMN. 
The sample under test was positioned with a Si lens at the backside.  

Problems could arise if the oscillation frequencies of the slot-diodes tested were above the cutoff of the 

Schottky detector (around 900 GHz). For that sake, devices with larger sizes and lower theoretical oscillation 

frequencies (both LR=160 nm and 400 nm were tested at different bias in the range 1-1.5 V) have also been 

fabricated and characterized. However, no evidence of THz emission from the slot diodes was obtained. The 

power detection floor of our setup has been estimated knowing that the noise at the output of the Schottky 

detector is around 0.5 µV and its responsivity at 900 GHz is 10 V/W. Therefore, the noise floor of the setup 

is about 50 nW. As a consequence, if an oscillation occurs in the slot diode, the power emitted is less than that 

value (which does not seem to be the case).  

It has been realised that the impedance mismatch between the SSDs and RF test equipment such as 

VNA and Spectrum Analyser might have prevented successful observation of emission from the fabricated 

devices. In order to improve the sentitivity and increase the cutoff frequency of the setup, new experiments 

wer performed by UNIMAN (performed in laboratories of the University of Manchester and also in the University 

of Leeds for confirmation). The setup is shown in Figure 2. In this case the detector was a liquid-helium cooled 

composite silicon bolometer made by QMC. The bolometer is behind a 600 cm-1 low-pass blocking filter, 

corresponding to a cut off frequency of about 3 THz. The optimum responsivity of the bolometer from the 

specifications is 10,000 mV/mW. With a black-body radiation source, the estimated responsivity in the lab 

environment was measured to be about 800 mV/mW. The experiments were carried out using two different 

biases and chopping schemes. In one setup, the devices were biased by a pulse generator and the pulse 

signal was also sent to the lock-in as the reference. In the other setup, the DC and AC signal were combined 

using an op-amp before being applied to the devices. The AC signal was used as the lock-in reference. The 

lock-in showed the output of the bolometer having a fluctuation from 1V to 15 V, which corresponded to a 

noise floor as referenced to emitted power of about 1.3 to 18 nW. Unfortunately, in spite of a better sensitivity 

and broadband of the setup, no indication of THz emission from SSDs and slot diodes was observed above 

the noise floor. 

(a) (b) 



ROOTHz Deliverable 3.3: Characterization  p 21 of 36 

 
Figure 2: Bolometer-based measurement system used for detecting emission from slot diodes. 

Even if ROOTHz is specifically focused on room temperature THz emission and detection, Monte Carlo 

simulations show that the operation of slot diodes as THz emitters benefits from cooling the devices. Our 

colleagues from the U. of Montpellier have the possibility of performing THz emission experiments at low 

temperature, but the setup has to be adjusted to fit our sample holder. Also, we are in contact with another 

group in Chalmers University that will try to perform such experiments depending on the availability of their 

setup. The few devices that are still alive will be then characterized at low temperature where the possibilities 

of finding Gunn-like oscillations are enhanced. 

3.2 THz CHARACTERIZATION OF InAs AND InGaAs SSDs (CHAL+IEMN) 

To investigate if the SSDs could function as a detector at 600 GHz, a free-space setup was used, shown 

in Figure 3. A measurement at 200 GHz was conducted in a similar way, in order to compare the results with 

the on-wafer measurements shown before. The detector consisted of an array of 11 InAs SSDs with W=65 nm 

integrated with a circularly polarized spiral substrate antenna, whose characteristics are detailed on the 

Milestone 8 report corresponding to the antenna design. A silicon lens was placed firmly against the backside 

of the substrate with the SSDs. The output voltage was measured with a lock-in amplifier, thus presenting a 

high DC-load.  

 

Figure 3: The setup used for free-space measurements at 200 and 600 GHz. 

On the emitter side, the vertically polarized beam was radiated through a conical horn antenna. By 

replacing our detector with an Erickson PM4 power meter with a horn antenna, the incident power was 

measured. At 200 GHz and 600 GHz the average power was 1.15 mW and 7 W, respectively. From the 

curvature of the I-V curve a value of Sint=53 V/W was expected. The extrinsic responsivity of the detector at 

200 GHz and 600 GHz was found to be 2.1 V/W and 0.70 V/W, respectively. Compensating for polarization 
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mismatch (≈50%) and the mismatch between R0 (about 700 ) and the antenna radiation resistance (≈50 %), 

Sint is calculated to 8.4 V/W and 2.8 V/W at 200 and 600 GHz, respectively.  

In the on-wafer RF measurements, measured Sint matches the one calculated from I-V measurements, 

see Figure 16. The discrepancy between the Sint measured in the free-space setup at 200 GHz and the Sint 

calculated from I-V measurements may be due to other losses that were not accounted for, mainly the fact that 

not all incident THz power is coupled into the antenna. We can globally account for all that losses by means 

of an additional extrinsic parameter, which is the efficiency of the antenna (together with the Si lens) which in 

our case would be of about 16% @200 GHz.  

In any case, these measurements confirmed that InAs SSDs can function as detectors up to 600 GHz, 

with a responsivity of the same order of magnitude as for 200 GHz (since the efficiency of the antenna could 

be even lower). This find motivates further investigation of detection with InAs SSDs at 600 GHz and higher 

frequencies.  
These free space measurements both @200 GHz and @600 GHz were repeated using an InGaAs SSD 

array with N=3 and W=80 nm. The extrinsic responsivity obtained was as low as 3.0 V/W @200 GHz (even if 

the intrinsic value is much higher) due the strong mismatch between antenna and SSD. This fact, together 

with a low efficiency of the antenna and the lower power of the source @600GHz did not allow to obtain any 

result at that frequency. These free-space measurements were performed at IEMN with the help of A. Westlund 

(CHAL) that realized 2 campaigns of intensive measurements (one week each) at IEMN. 

Sub-THz imaging with InAs SSDs (IEMN)  

With the same InAs SSD used for free-space detection (N=11, W=65 nm), the imaging setup in Figure 

4 was used to demonstrate the capability of our SSDs to be used for THz imaging. The beam was focused on 

the RFID card shown in Figure 5(a), having a polymer part, and a metallic printed antenna/chip inside. The 

card was moved in a grid pattern and the output voltage Vdet in the SSD was recorded for every point.  

 

Figure 4: Setup used for imaging at 200 GHz with an InAs SSD. Spherical mirrors were used to focus the beam. 

In these setup, the injected power is around 2 mW at 200 GHz and 20 µW at 600 GHz. At 200 GHz, the 

signal to noise ratio at the lock-in amplifier was sufficient (> 1000) to produce an usable image, but at 600 GHz 

the devices were not sufficiently sensitive. Thus, the THz acquired images were limited at 200 GHz. Plotting 

the signal strength versus position resulted in the image shown in Figure 5. The plastics of the card is 

transparent to the radiation and thus imaged bright, while the metal antenna and microchip are reflective and 

imaged dark.  
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Figure 5: Views of the imaging setup developed at IEMN to test the ROOTHz detectors. Left: emission side; and right: 
reception side. Below: RFID card and its image when irradiated by 200 GHz waves and detected by the InAs SSD. 
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THz wireless communications with InAs-based SSDs (IEMN) 

Among the different interesting features of the InAs SSDs fabricated at CHAL, the low value of their 

zero-bias impedance (not much higher than 50 if wide channels are used and a reasonable value of parallel 

channels are used) make them particularly interesting in the field of communications where a compatibility with 

50  electronic circuits is required to achieve and keep the signal integrity. 

In addition to the detection of high frequency signals, here we report on the use of InAs SSDs for 

broadband communications on a 200 GHz carrier when loading the devices with a 50  impedance. When 

using such a load on the free-space detection measurements with highly resistive devices (like the nicely 

rectifying InGaAs SSDs from UNIMAN), the output signal was drastically reduced. However, for an InAs SSD 

with 11 parallel channels and a 580  impedance, the 50  loading was possible without completely losing 

the output signal. Based on these detection results, a demonstrator of THz communications was designed at 

IEMN to validate the possibility of using the InAs ROOTHz detectors as receivers. The test setup, shown in 

Figure 6, is based on a 200 GHz source for carrier signal generation, modulated with a data signal with variable 

data rates, from 10 Mbit/s up to 1 Gbit/s. The modulated THz signal was radiated in free space using a wave-

guide horn, and the THz signal is manipulated using parabolic mirrors, feeding the InAs detector. The received 

200 GHz power was about 2 mW. The data signal is then amplified and the wide bandwidth oscilloscope 

displays the signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: THz communication setup developed at IEMN for the test of InAs samples as receiving circuits. Left image: 
modulation and synthesizers for carrier generation and data encoding. Right: eye diagram obtained at the output (200 GHz 
carrier, 500 Mbit/s).  

The achievable data rate was limited to 500 Mbit/s in our setup, but this limitation is not due to the 

intrinsic bandwidth of the InAs SSDs, but due to the contacts and connections of the PCB mounting (integration 

board), which was initially designed for DC detection. Therefore, we have successfully demonstrated the 

possibility of using InAs SSDs for THz communication applications. The ROOTHz project has shown for the 

first time the use of a THz detector based on InAs rectifying nanochannels in a communication system. 

The THz telecommunications field can be the most important field of application of the NBG SSDs 

developed within ROOTHz. We will later show the possibility of heterodyne mixing demonstrated at the Univ. 

of Montpellier, that together with the direct demodulation of broadband signals on THz carrier, has allowed us 

to apply for two patents in view of the possible industrial exploitation of these results. 
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3.2.1 THz CHARACTERIZATION OF GaN SSDs (IEMN) 

The GaN SSDs fabricated in the Run 3 were mounted on a PCB card designed for all ROOTHz 

characterizations in free-space. Using the knowhow from the previous tests in emission, we tried to take into 

account the thermal aspect also in the measurement set-up in addition to the design rules chosen in the mask 

designs. In fact, up to this third run, the GaN SSD arrays could not be biased above the threshold voltages for 

the onset of Gunn oscillations given by MC simulations (around 25-30 V), due to thermal failure. Therefore, a 

pulsed THz emission setup was designed and established by IEMN to increase the applied biases to the SSD 

arrays working as THZ emitters. 

 

 

 

 

 

Figure 7: Schematic THz pulsed setup established for ROOTHz emission tests. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Photograph of the test setup for pulse measurements. 

The scheme and picture of the setup are shown in Figure 7 and Figure 8. It comprises the SSD, biased 

with a pulsed generator, producing pulses up to 100 V. The outgoing THz signal should be radiated in free-
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space using the integrated planar antenna coupled with the Si lens placed at the back-side of the substrate. 

The pulsed generator controls the time triggering of the lock-in detection. The THz signal is collimated and 

focused in the detector (Schottky diode), and the rectified voltage from the Schottky is detected by the input-

voltage of the lock-in. Due to the limited bandwidth of the lock-in detection (250 kHz), the pulse durations (TON) 

were limited to 20 µs, ensuring a compatible lock-in detection while releasing the thermal constraints at SSDs. 

For most experiments, the pulse periodicity (T) was 1 ms. 

The Schottky diode used here was a waveguide integrated detection block, in 220-325 GHz bandwidth. 

To accurately determine the sensitivity of the pulsed setup, we have first characterized the Schottky detector 

with the photomixing setup available at IEMN (low power but widely tunable). The results, shown in Figure 9, 

were used to extract the responsivity of the Schottky detector, about 1 kV/W @300 GHz (which is the oscillation 

frequency expected for SSDs with L=1 m). At 370 GHz, which was the estimated frequency operation of 

SSDs with L=500 nm, the value is much lower, about 100 V/W, but the setup is still operative. 

 

Figure 9: Characterization of the Schottky detector used for THz emission experiments. 

The noise floor of the setup was estimated taking as a base the minimum voltage detected at the lock-in, 

in our case it was 250 nV. This corresponds to a voltage amplitude (taking into account a square modulation 

with a 50% duty cycle) of < 600 nV. In other terms, a square 600 nV voltage produced by the Schottky diode 

will give a signal-to-noise ratio (SNR) of 1 at the lock-in output. However, if the signal is pulsed with a shorter 

duty cycle (typical values are TON=20 µs and T=1 ms, thus giving a 2% duty cycle), the sensitivity is decreased 

by a factor of 8 due the lock-in detection technique. Thus, the noise floor (voltage required to have SNR=1) for 

pulsed bias signals with 2% duty cycle is 4.8 µV. Taking into account that the responsivity of the Schottky 

detector is 1 kV/W @300 GHz, the minimum detectable power arriving to the Schottky is 4.8 nW. If the losses 

of the THz optics (3 dB, measured using a free space VNA test-set) are included, we estimate that the minimum 

power emitted by the SSD that our system is able to detect is around 10 nW.  

However, as observed in the free space characterization of InAs SSDs, the impedance mismatch 

between the SSD and the antenna and the low efficiency of the antenna coupling, can make that less than 

10% of the intrinsically generated power is actually emitted from our devices. In any case, we expect our 

devices to provide a much higher intrinsic power. 

The first test that was realized was to verify that we could successfully apply high voltages to the SSDs. 

Table 3 show the bias that were reached for each geometry (integrated with bow-tie antennas) and the duty 

cycle used. The device called 1-1-2 has Win=250 nm and Wout=450 nm and the one called 1-1-1, Win=300 nm 

and Wout=400 nm, are just the two geometries that MC simulations defined as optimum. 
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Table 3: Summary of the biases applied on GaN SSDs (V-shaped) used as THz emitters. The label “H.S.” is indicating that 
the device was burnt, and the bias column is the bias applied without failure (just before burning). 

 

We can say that by using the pulsed setup we have been able to bias the GaN SSD much above the 

threshold voltage required for the onset of Gunn oscillations (following the MC predictions).  

Unfortunately, after much time dedicated to measure all the fabricated devices (with different shapes 

and channel lengths and widths) we did not find any evidence of Gunn oscillations in any of them at any bias 

(even at very high voltages without thermal failures). MC simulations allows to establish that heating is not the 

issue for the absence of experimental evidence of THz wave generation, but the explanation is the lack of a 

resonant circuit able to synchronize the oscillations of the different SSDs, in addition to the parasitic crosstalk 

capacitances that may also be killing the oscillations. The fabrication of SSDs with integrated resonators was 

not possible due to the end of the funding provided by the ROOTHz project, where only 2 Runs of device 

fabrication were scheduled. At this moment new funding is being pursued both at national and European levels 

in order to realize this last step that could lead to the demonstration of Gunn oscillations in GaN, and its many 

important practical applications. 

3.2.2 THz CHARACTERIZATION AT EXTERNAL LABORATORIES 

In order to complete the characterization of the devices fabricated within ROOTHz, we have collaborated 

with some external laboratories in order to utilize different techniques and equipment.  

3.2.2.1 Characterization at USAL (Y. M. Meziani) 

Researchers of a group of USAL not initially integrated in the ROOTHz consortium (leaded by Y. M. 

Meziani) made available their laboratory’s facilities to help in the characterization of the SSDs fabricated at 

UNIMAN. The aim was to try to detect the plasma resonant peak in InGaAs SSDs (that MC simulations predict 

to appear) by means of a pulsed light excitation. A titanium sapphire femtosecond laser was used to generate 

a bunch of electron-hole pairs in the channel of the SSD, whose dynamics when exiting through its contacts 

should reflect the effect of the plasma resonance. The laser produces a 60-80 fs laser pulse with a repetition 

rate of 80 MHz and an average output power of 50-150 mW. The emitted radiation was measured by means 

of a sensitive pyroelectric detector, able to integrate all the spectrum emitted from the devices (up to the 

infrared range, so that the self-heating is also detected). Figure 10 shows the pictures of the device under test 

and the experimental setup and Figure 11 the I-V curves and the response of the pyroelectric detector as a 

function of the bias of the SSD. 



ROOTHz Deliverable 3.3: Characterization  p 28 of 36 

   

Figure 10: (a) AFM image of the InGaAs SSD fabricated at UNIMAN and (b) picture of the PCB mounting of the device 
with its integrated bow-tie antenna. Experimental setup of photoresponse measurements at USAL. 
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Figure 11: (a) I-V curves and (b), (c) response of the pyroelectric detector as a function of the bias applied to the SSD for 
different values of the power of the fs-laser excitation.  

The first interesting result is that the SSD shows a notable level of photoresponse; the I-V curves strongly 

depend on the illumination level. On the other hand, even if the initial measurements, Figure 11(c), showed a 

repeatable peak around a bias of about 5 mV (that could be related to some excitonic response), the 

pyroelectric detector did not show that interesting feature when the laser emission was better stabilized. 

Nevertheless, even if the plasma emission could not be demonstrated, the possible application of the SSDs 

as fast photodetectors motivated the measurements realized later on at the Univ. of Rochester. 
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3.2.2.2 Characterization at the Univ. of Rochester, EE. UU. (UROCH, R. Sobolewsky) 

In order to exhaustively characterize the time-domain response of the SSDs to the fs laser pulses, the 

experimental setup of Figure 12(a) was used at UROCH. For that sake, an electro-optical (EO) crystal, able to 

detect the variations of the electric field, was used to characterize the response of an InGaAs SSD array of 16 

channels with L=1.2 m and W=199 nm fabricated at UNIMAN [and mounted on the ROOTHz PCB holder, as 

in Figure 10(b)]. The finger probe was made using a 150×100 m2 platelet EO LiTaO3 material with the bottom 

plane coated by a highly reflective dielectric stack and the top one attached to a fused silica pyramid-type 

holder. The finger probe was placed in close proximity of the bow tie antenna structure, so the signal emitted 

from the antenna coupled well into the EO crystal. A sequence of free-space EO sampling measurements was 

made by varying the delay between the excitation and the sampling beam (whose frequency is different in 

order to avoid detecting signals reflected form the excitation). The SSD structure was DC biased and excited 

by a train of ~150-fs-wide, 400-nm-wavelength pulses. 
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Figure 12: (a) Scheme of the EO detection of the emission and (b) time-domain response of the EO crystal to the excitation 
at t=15 ps for different bias applied to the SSD compared with MC simulations of the current response after an excess of 
electrons is generated at the same time moment.  

Figure 12(b) shows the free-space THz radiation signal for different bias conditions of the SSD. The 

sampling scan was averaged at least 10 times in order to have a good signal-to-noise ratio. The FWHM of the 

THz transient was measured to be about 730 fs, what corresponds to a 0.5 THz bandwidth burst. This confirms 

the possibility of using the SSDs as THz emitters, but needing an optical excitation (which was not the objective 

aimed by the ROOTHz project).  

 

Figure 13: (a) Scheme of the experimental setup for the time domain measurement of the photoresponse of the SSD and 
(b) signal obtained in the oscilloscope after a laser pulse.  

MC simulations of the current transient after an excess of electrons is generated uniformly in all the 

volume of the SSD are compared to the experimental results of Figure 12(b). The simulations show similar 

damped oscillations, related to the dynamics of the plasma in the SSDs which are nearly independent of the 

SSD 
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bias, but much faster than the ones observed in the experiments. This difference may be due to parasitic 

effects which are not considered in the MC simulations. 

In order to verify if such fast dynamics of the SSD can be used from an electrical point of view, UROCH 

has measured the electrical photoresponse characteristics of the device by connecting a typical oscilloscope 

to the SSD in the setup shown in Figure 13(a). The voltage response of the SSD to the laser pulses shows a 

fast evolution with damped oscillations of frequency about 3 GHz, which is limited by the electrical parasitic 

elements (mainly the bondings to the PCB and SMA connectors used in the ROOTHz holder which was 

designed to extract only DC signals). This fast photoresponse can be useful to operate the SSDs as ultra-fast 

optical detectors for applications in telecommunications (as direct demodulators, for example). 

3.2.2.3 Characterization at the Univ. of Montpellier (UMONT, J. Torres, L. Varani, P. 
Nouvel) 

Laser beating characterization of InGaAs SSDs (USAL+UMONT) 

The first THz technique to be tried at UMONT was the THz spectroscopy using a laser beating system 

in which two lasers with different wavelengths are mixed together in order to produce a THz radiation with 

tunable frequency2. The scheme of the experimental setup is shown in Figure 14, in which the devices under 

test can be biased with a continuous current.  

 
Figure 14: Experimental configuration for the THz spectroscopy of InGaAs SSDs at Univ. of Montpellier 
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Figure 15: Lock-in voltage measured at the output of the SSDs with different geometries and under different bias conditions. 

This technique was expected to be useful to extract a continuous frequency plot of the response of the 

SSDs working as detectors. Researchers from USAL visited UMONT for one week (June 2012) in order explain 

the expected results to the experimentalists and establish the measurement protocol. The devices used were 
                                                      
2 P. Nouvel et. al, “Terahertz spectroscopy of plasma waves in high electron mobility transistors,” J. App. Phys. vol. 106, 
013717, 2009. 



ROOTHz Deliverable 3.3: Characterization  p 31 of 36 

InGaAs SSDs with different geometries fabricated at UNIMAN, in which MC simulations predict the appearance 

of a plasma resonance in the response. However, no clear conclusion can be extracted from the results 

obtained for SSDs with different geometries and under several bias conditions, Figure 15. Even if some 

repetitive pattern can be observed for the results of the “Mesa 3”, the conclusion was that the laser beating 

technique is not adequate for the characterization of the detection of SSDs. 

THz heterodyne detection with GaN SSDs (UMONT) 

The principle of heterodyne detection is that a signal carrying information (RF or THz carrier) is combined 

with radiation from a local oscillator (LO) operating at a frequency near that of the carrier using a device called 

mixer. The output from the mixer is a new signal that oscillates at a frequency called the beat frequency or the 

intermediate frequency (IF), which is equal to the frequency difference between the LO and the original carrier. 

The IF is often easier to amplify and process than the original signal because it has a much lower frequency 

and it contains the amplitude and the phase information of the THz carrier.  

 

Figure 16: (a) SSD geometry, with W and L the channel width and length. (b) FIB-cut view of the trench profile in fabricated 
SSDs. (c) Picture of the devices showing the dielectric holder with DC-line printed on it and the SMA-connectors. The 
scheme shows how the devices are composed of an array of 16 bow-tie antennae with 64 SSDs on each. (d) I-V 
characteristic of a SSD with 1 m length. Solid line stands for measurements whereas points represent results from MC 

(e) 

(f) 
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simulations. (e) and (f) show the experimental setup in which two THz waves illuminate the device from both sides, the IF 
signal is measured with a spectrum analyzer whereas a lock-in system is used on the LO signal to obtain the 
photoconductive response. 

However, THz heterodyne receivers typically require superconducting receivers or Schottky diode 

mixers. The former operate at low temperatures and are very expensive and cumbersome. Even if the latter 

present a decent conversion loss of about 8 dB at 300 GHz, they are fabricated using rather complicated 

technological processes and designs, they require 5 to 10 mW power to function optimally (and even higher 

when reaching frequencies above 1 THz). Moreover as vertical devices, Schottky diodes are not as well 

compatible with a full MMIC circuit as the SSD planar geometry. Therefore, SSDs combine the perfect 

characteristics for being used within the heterodyne scheme to detect THz signals at room temperature: 

excellent THz-frequency performance and planar geometry, thus solving the major problems encountered by 

most of the mixers.  

The results shown here have been obtained using GaN SSDs fabricated at IEMN, even if they are not 

the optimum devices for such applications (in fact they were sent to the Univ. of Montpellier in order to be 

characterized for THz emission). GaN SSDs with channel lengths of L=1 and 2 m and width W=150 nm 

fabricated in Run 2 and mounted on the standard ROOTHz PCB holder (where DC-lines are printed and 

bonded to SMA connections) were used for the measurements. The devices are integrated with 16 bow-tie 

antenna with 64 SSDs in parallel within each antenna, distributed in two fingers as shown in Figure 16(b). This 

extremely parallel design of Run 2 was not optimum for the THz emission due to an excessive heating, but no 

problem is found for its use as a detector (the high number of devices decreased the NEP). 

The THz measurements were done using two electronic sources of radiation, both based on frequency-

synthesizers, whose input signal was multiplied by a factor of 27, Figure 16(e). One of the sources, the LO, is 

tunable from 0.22 to 0.32 THz and provides an average output power of 1 mW (value measured at the output 

of the source), the other, the RF, from 0.285 to 0.36 THz provides an average output power of 0.8 mW. These 

two radiations are focused by two spherical mirrors on each side of the SSD, mounted on XYZ-stages, and 

produce a spot having diameter of FWHM 1.25 cm. A bias-tee is connected to the SMA-connectors of the 

holder in order to provide the DC bias to the devices (fed by DC voltage or current sources) and measure the 

IF signal produced by the mixing of the two radiations. These measurements are performed with the help of a 

spectrum analyzer between ≈ DC and 40 GHz. Also direct detection measurements (photoresponse) were 

done by using only the LO source. The beam was mechanically chopped at 217 Hz for lock-in detection.  

 

Figure 17: Responsivity as a function of the frequency of the incident THz radiation measured at T=300 K for the SSD with 
L=1 m for different applied voltages (in both direct and reverse bias conditions). 

Figure 17 shows the photoconductive response versus excitation frequency at room temperature for 

different applied voltages. At zero bias, the measurements provide small values for the responsivity with 
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resonant features and a cutoff frequency at about 0.3 THz due to the upper-limit of the bandwidth of the 

antenna. Such a behavior is probably a result of the series combination of the bow-tie array, which almost 

results in a dipole antenna, even if each of the individual bow-ties was designed for providing a cutoff frequency 

of about 0.7 THz. It could also be due to the effect of the bonding cables that may also be acting as antennae 

and providing the ripples shown in the output. Indeed, MC calculations demonstrate that this cut-off frequency 

is not due to intrinsic properties of the GaN-based devices, since the amplitude of the mean voltage obtained 

as a result of rectification in 1 m- and 2 m-long devices has cut-off frequencies around 0.9 THz and 0.45 

THz, respectively. The low value of the responsivity obtained is due to the poor efficiency of the coupling of 

the free space radiation to the devices (as already observed in the free-space measurements made on InAs 

SSDs, which in this case is also degraded by the absence of the Si-lens at the backside of the substrate). 

In order to improve the performance of the devices, different DC bias were applied to the SSD array 

(while the power of the THz beam was kept constant), resulting in an increase of the responsivity by a factor 

of about x15, reaching a maximum of ≈ 8 V/W at V=-1 V. This behavior reflects the nonlinearity of the device 

I-V characteristic shown in Figure 16(d): the highest responsivities are found at the biases corresponding to 

the corner voltages of the I-V curve, where its nonlinearity is maximum (bear in mind that the chopping 

frequency is very low, below the cutoff frequency of the response of surface charges, fsc, and the detected 

voltage follows the static DC response. 

 

Figure 18: Measured power of the IF signal versus applied voltage for the array of SSDs with 2 m length at an IF frequency 
of 3 GHz. The inset shows its frequency dependence at the DC bias providing the maximum IF power for both 1 m- and 
2 m-long SSDs 

 

Figure 19: Monte Carlo simulation of the IF amplitude at 50 GHz versus the bias current per SSD with 1 m length 
compared with the experimental results obtained at 3 GHz. 
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Moving to mixing experiments, Figure 18 shows the power of the IF signal measured for both the 1 m- 

and 2 m-long devices versus the applied DC voltage at the IF frequency of 3 GHz. Even if the present 

experimental configuration and devices are not optimized, the dynamic range, measured at the spectrum 

analyzer with a resolution band-width of 2 Hz, ranges between 50 and 65 dB; that is comparable to systems 

found in the literature at room temperature3. One can note that this dynamic range is lower than, for example, 

that of commercially available Schottky diodes (of around 100 dB), but in that case the devices are optimized 

for a central frequency with an IF bandwidth between 5 MHz and 1 GHz. As expected, the bias dependence 

of the output observed in Figure 18 shows a maximum between 1.5 V and 2.0 V which reflects the non-linearity 

of the device I-V characteristics, very similar to those presented in Figure 16(d). This relationship is well 

reproduced by the MC simulations, whose comparison with the experiments for the SSDs with 1 m length is 

plotted in Figure 19.  

In the case of MC simulations the amplitude obtained for the IF signal is constant when its frequency is 

below 0.1 THz, thus evidencing that the frequency dependent response obtained in the measurements is not 

due to the intrinsic behavior of the SSDs. This is also confirmed by the results shown in the inset of Figure 18, 

presenting the maximum IF amplitude versus its frequency for both the 1 m- and 2 m-long devices, which 

strongly depends on the channel length. 

The previous results demonstrate the good performance of GaN SSDs acting as an integrated 

heterodyne receiver system, which can be significantly improved simply by optimizing (i) the antenna design, 

(ii) the coupling between the IF and LO signals to the SSD by the help of Si-lens and (iii) the external 

connections (mainly by improving the access losses and the large impedance mismatch with our highly 

resistive devices), thus being possible to envisage the fabrication of an heterodyne detection system with an 

IF signal at much higher frequencies, above 100 GHz, paving the way for applications such as ultrahigh data-

rate wireless transmission. Additionally, the intrinsic design of the SSD can also be improved by (i) decreasing 

the channel length and (ii) using high-mobility semiconductors such as InGaAs or InAs, which raises the 

intrinsic cutoff frequency of the SSDs, thus making possible the increase of both the frequency of the carrier 

signals and the bandwidth of the heterodyne receiver.  

In summary, we have demonstrated that self-switching nanodiodes can be employed as mixers for sub-

THz heterodyne detection. In this first implementation, conversion losses of 40 dB simultaneously with an IF 

bandwidth of at least 40 GHz has been obtained. These values are already comparable with commercial 

systems (ex: Schottky diodes all-in-package and guided configuration: conversion loss 6-8 dB and IF 

bandwidth 6-30 dB) although there is still a large margin for improvement of design and technology. This 

encouraging results led us to apply for 2 different European patents related to the application of SSDs to 

telecommunication systems, one related to heterodyne mixing and the other to direct demodulation, both trying 

to exploit the excellent broadband performance and THz response of the SSDs. 

Direct detection with GaN SSDs (UMONT) 

GaN SSDs fabricated in the Run 3 of ROOTHz were sent to UMONT in order to characterize their 

possible THz emission with a bolometer-based setup. Even if the devices showed no emission, their operation 

as THz detectors was surprisingly good even if their geometry (wide channels) was not optimum for having 

good responsivity. The system used for obtaining the response [similar to the one shown in Figure 16(e), but 

only with one THz source] was based on a brand new tunable THz source just acquired at UNIMAN, with the 

possibility of modifying the frequency from 640 to 690 GHz and having an output power about 1.0 mW.  

Figure 20 shows the recent results obtained for the response of an array of 32 GaN SSDs with L=1 m 

and W=400 nm integrated with an spiral antenna (without using the Si lens). It is first remarkable that GaN 

SSDs with a non-optimized geometry are able to detect signals of 670 GHz with a responsivity strongly 
                                                      
3 P. H. Siegel and R. J. Dengler, “Terahertz heterodyne imaging parts ii.” International Journal of Infrared and Millimeter 
Waves 5, 631-654 and references therein (2007) 
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increased when biasing the devices (a huge factor of almost x50 with respect to the unbiased device, reaching 

about 1.5 V/W). Another interesting aspect of the results is that, instead of a more or less severe frequency 

roll down (as expected from MC simulations, see for example the results of Figure 23, in a similar GaN SSD 

with narrower channel), a resonant peak around 670 GHz is observed. This peak can be an extension of the 

ripples already observed in Figure 17 that we attribute to the influence of the bonding cables since the spiral 

antenna should have a flat response. This resonances may explain the absence of response in the 

measurements made at IEMN at a fixed frequency of 600 GHz. 

 

Figure 20: DC response vs. frequency measured from an array of 32 SSDs with L=1 m and W=400 nm for different bias 
voltages. The inset shows the result for the unbiased device. 

Measurements of implanted GaN, InGaAs and InAs SSDs, more adequate to the operation as THz 

detectors, will be performed and compared to these initial results. 
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SUMMARY 

In spite of the lack of evidence of THz emission from the fabricated devices, an extensive 

characterization work has been performed within this 3rd review period, in the partners’ laboratories and also 

in collaborating Universities, using different techniques and conditions: 

NBG SSDS 

DC-characterization if InAs SSDs was performed in which a relatively small nonlinearity was observed. 

Upon cooling to 6 K, this nonlinearity increased compared to at 300 K, increasing Sint tenfold.  

InAs and InGaAs SSDs were characterized as room-temperature detectors on-wafer in the range 2-315 

GHz, in which no strong roll-off of responsivity was observed. A comparison of different designs were made at 

50 GHz. It was shown that for the range of designs tested, NEPext benefits from larger L and smaller W. For 

InAs SSDs, larger N will not reduce NEPext significantly. For InGaAs, larger N may lower NEPext since in this 

case the resistance of the individual SSDs is much larger. 

For InAs SSDs, measured at 50 GHz, the highest Sext and lowest NEPext observed were 17 V/W and 

150 pW/Hz, respectively. For the same device, R0 was 350 , making the mismatch fairly low. With a 

conjugate match, 34 V/W and 70 pW/Hz is expected. As compared to InAs SSDs, InGaAs SSDs are more 

resistive and suffer from a larger mismatch, but also have a larger  and thus Sint. The lowest NEPext observed 

at 50 GHz when measured with a 50  source was 60 pW/Hz for a device with N=5 (and Sext=280 V/W). 

Similar NEPext was observed in the InGaAs SSD array previously fabricated in ROOTHz but with N=2000.  

Free-space detection with the InAs SSDs was also tested and the Sext was 2.1 V/W and 0.70 V/W at 

200 GHz and 600 GHz, respectively. Several losses not compensated for may explain why the responsivity 

from free-space characterization was lower than in corresponding DC and on-wafer RF measurements. 

Furthermore, the free-space experiment showed that the InAs SSD operated up to 600 GHz. Finally, by 

exploiting the good responsivity at high frequencies together with a low impedance, THz imaging and THz 

telecommunications were also successfully demonstrated. 

WBG SSDS 

The results demonstrate the good performance of our ion implanted AlGaN/GaN SSDs, with still much 

room for improvement by using more optimized designs (more channels in parallel, high impedance access 

lines, etc.). And, more importantly, as highlighted by the Industrial Advisory Board, these GaN based SSDs 

could handle very high input RF power, so that their practical application as power detectors in recently 

developed vacuum tube ultra-high-power Continuous Wave (CW) mm and sub-mm wave sources 
seems feasible. Devices like gyrotrons, typically targeted at material processing, medical applications (nuclear 

magnetic resonance appliances) or electronic countermeasure, can produce an output power in excess of 1 

MW at frequencies above 100 GHz and there are not many detectors suitable for such operating conditions 

(thermal detection is typically used). See for example at http://www.cpii.com/product.cfm/1/18/30 the 

commercial products by CPI, formerly Varian, and the review in 4. 

                                                      
4 S-T Han et al., “Continuous-wave Submillimeter-wave Gyrotrons,” Proc. Soc. Photo Opt. Instrum. Eng. 2006; 6373: 
63730C. DOI:  10.1117/12.686436 


