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Auger electron spectroscopy (AES) was used to understand the different steps of the indium phosphide nitridation and the 
annealing of the InN films. The AES analysis combined with electrical characterisation using the current-voltage I(V). After 
ionic cleaning with Ar+ ions, metallic indium crystallites are created and the nitridation of the InP substrates is performed 
using a plasma Glow discharge source (GDS). We used the InMNN, NKLL and PLMM Auger transitions to monitor the chemical 
state of the surface. We observed that after nitridation, the creation of InN and P-N bonds while the In-In metallic bonds 
decrease. This confirms the reaction between indium clusters and nitrogen species. After these operations, we observed 
the effect of annealing on the nitridated layers at 450 °C during 15 min. It appears after heating that the In-N bonds 
decreases and the P-N bonds increases. A theoretical model based on stacked layers allows us to confirm that two 
monolayers of indium nitride are created on InP (100) surface. After this operation we note a presence of an important 
quantity of metallic indium at the surface using Auger analysis. In fact, the (I-V) characteristics reveal a low series 
resistance (168Ω) for the annealed sample compared with a value of 1687Ω obtained in the not annealed ones. We believe 
it’s caused by the destruction of the nitride layer. The results obtained with AES spectra are coherent with electrical 
measurements; they suggest that the InN films are significantly affected by the temperature. 
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1. Introduction 
 
The nitridated compounds are currently the most 

promising semiconductors for opto-and microelectronics 
application. During the last few years, the interest in the 
indium nitride (InN) semiconductor has been remarkable 
and the number of papers concerning InN has significantly 
increased [1, 2].  

The InP surfaces nitridation has different interests as 
the realisation of InN buffer layers before the InN films 
growth, or as passivated layers. Different methods have 
been investigated for the nitridation of InP(100) 
surfaces[3, 4].In our study, we have used the plasma 
nitridation method [5]. 

It is known that the nitrogen parameters influence the 
structural and electronic properties of the nitridated 
surfaces. In this paper, thin InN film is realised by the 
nitridation of InP substrates using a Glow Discharge 
Source (GDS). This nitridation process is monitored by 
Auger Electron Spectroscopy (AES) and electrical 
characterisation in the aim to analyze the evolution of the 
surface and to determine the electrical properties of 
InN/InP interface. We also report in this paper the effect of 
annealing (T=450 °C, t= 15 min) [6, 7] on the nitridated 
samples. A theoretical model has been elaborated to 
interpret the experimental results. 

2. Experimental procedures 
 
S-Doped InP (100) wafers have been used with carrier 

concentration of 1015 cm-3; they were chemically cleaned 
in different ultrasonic baths [8] (H2SO4, 3% bromine 
methanol deionised water). After introduction into the 
ultra high vacuum chamber (10-7 Pa), a low amount of 
carbon and oxygen contaminations was detected. These 
impurities were removed by in situ cleaning with low 
energy Ar+ ions (ion energy 300 eV; sample current 
2µA/cm2, t=15min) [9]. The ionic bombardment is a key 
step in the nitridation process since it creates at the surface 
metallic indium in well-controlled quantities 

(mean coverage: 25%, mean height: 4 atomic 
monolayers) by preferential phosphorus sputtering [10]. 
This is equivalent to one complete atomic monolayer In-
In. Therefore, the maximum number of indium nitride 
layers which can be formed by the consumption of the 
indium droplets by nitrogen is two monolayers.  

The nitridation process has been performed with a 
high voltage plasma discharge cell. In this kind of nitrogen 
source, a high voltage (about 2 kV) produces continuous 
plasma. A majority of N atomic species are created. The 
samples are heated at 250°C during the nitridation process, 
according to previous work investigating the influence of 
the temperature on the nitridation process [11-9]. 
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The indium droplets layers are consumed by nitrogen 
atomic species. During the nitridation process, the samples 
were kept under a grazing nitrogen flow during 40min. A 
Nitrogen flow inside the chamber was equal to 10-1 Pa. 
After the nitridation the samples are heated in situ at 450 
°C for 15 min. The different in situ steps are monitored by 
Auger spectroscopy. A model based on stacked layers has 
been used to interpret the AES results.  

The electrical parameters of the InN/InP structures 
before and after annealing are also determined using 
I(V)measurements, these characterizations are performed 
using HP 4155 (semiconductor parameter analyser). The 
InN/InP structures are tested with a mercury probe used as 
a temporary gate contact.  

 
 
3. Results and discussion  
 
3.1. Auger analysis 
 
The nitridation of InP (100) substrates was 

investigated using AES analysis. The measurements have 
been carried out simultaneously with the nitridation 
process and annealing. We have recorded during 
experiments the Auger signal of InMNN (E=403 and 
411eV), of NKLL (E=383eV) and of PLMM (E=117eV). 
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Fig. 1. Indium Auger transition after ionic cleaning. 

 
 

Fig.1 shows the evolution of the InMNN Auger peak 
after ionic cleaning. Previous works [10, 12] showed that 
after ionic cleaning, the surface is covered by 25% of 
metallic indium droplets with an equivalent height of 4 
monolayers. Indium droplets are created by preferential 
phosphorus sputtering. 

The evolution of InMNN, NKLL Auger transitions after 
the nitridation process is presented in Fig.2. The transition 
NKLL (E=383eV) appears after the nitridation, confirming 
the presence of nitrogen on the surface, the apparition of 
this peak is accompanied simultaneously with an 
attenuation of the indium signal, we have calculate, Rexp In 
the ratio between the indium signal intensity after 
nitridation and the indium signal intensity after cleaning, 
this one is about  0.87. The indium droplets created by the 

ion bombardment cleaning are consumed by nitrogen 
species coming from a glow discharge source (GDS) to 
create nitride layers. 
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Fig. 2. Indium and nitrogen Auger transition before annealing. 

 
 

The evolution of the In Auger peak after annealing is 
displayed in Fig.3, we observe that the indium intensity 
increase, we notice that the value of the Rexp In the ratio 
between the indium peak intensity after annealing and the 
indium peak intensity after nitridation is superior to 1. On 
the contrary, for nitrogen the Auger signal intensity 
decreases, it’s probably due to a destruction of nitride 
layers. 
 

-0 ,05

0

0 ,05

0,1

0 ,15

0,2

340 360 38 0 4 00 42 0 44 0

N
(E

) (
a.

u)

K in e t ic  e n e rg y (eV )

In
M N N

N
K L L

 
Fig. 3. Indium and nitrogen Auger transition after annealing. 

 
 

The evolution of the Auger spectrum of phosphorus 
(PLMM) after different steps is presented in Figs(4, 5, and 
6). After Ar+ cleaning, this peak can be decomposed into 
three Gaussians, being characteristic of the three groups of 
transitions. The first component, (Aexp) is characteristic of 
the sum of the L3M1M1 and L2M1M1 Auger transitions of 
phosphorus; these two transitions are very close to each 
other and can be represented by only one peak at 97 eV. 
The second peak, (Bexp), is the sum of the L3M1M23 and 
L2M1M23 Auger transitions of phosphorus; it is located at 
the energy of 106 eV. Finally the last peak,(Cexp), is 
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characteristic of the sum of the L3M23M23 and L2M23M23 
Auger transitions of phosphorus at 116 eV. Table 1 
presents the comparison of the experimental peak energies 
and heights with the calculated ones [13], named Ath, Bth, 
and Cth,[14]. 
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Fig. 4. Phosphorus Auger transition after ionic bombardment. 
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Fig. 5. Phosphorus Auger pic decomposition before annealing. 
 

After nitridation, we noticed a change in the 
phosphorus peak shape, which is related to the presence of 
P-N bonds. This peak cannot be decomposed into three 
gaussians; a new group of transitions has appeared. We 
found an energy shift of 8 eV between the two groups of 
transitions. This shift can be explained by the P-N bonds 
or charge transfer at the surface of the substrate. 
Therefore, the experimental peak can be decomposed into 
three pairs of Gaussians. Parameters were conserved: the 
ratio of the heights, the shift in energy and the full width at 
half maximum (FWHM). We can define R expP-In as the 
ratio between the sum of the areas of P-In gaussians and 
the total area of the phosphorus peak. R expP-N is the area 
ratio between the sum of the areas of P-N gaussians and 
the total area of the phosphorus peak. These values are 

about 0.404 and 0.595 respectively. We can observe that 
after nitridation, R expP-N is superior to R expP-In. After 
annealing, Rexp P-In decreases it’s equal to 0.354 and Rexp P-N 
increases it’s about 0.6458. The quantity of P-N bonds is 
so higher than the P-In bonds (see Fig. 6). This 
phenomenon is attributed to the damaging of the InN layer 
and to rupture of the P-In bonds. Consequently the 
nitrogen diffuses into the interface InN/InP and forms 
other P-N bonds with the phosphorus. 
 
 

-0,2

0

0,2

0,4

0,6

0,8

70 80 90 100 110 120 130 140

N
(E

) (
a.

u)

Kinetic energy (eV)

P-In

P-N

 
 

Fig. 6. Phosphorus Auger pic decomposition after annealing. 
 
 

3.2 Theoretical model 
 
To interpret the AES experimental results a theoretical 

model based on stacked layers has been used. Moreover 
for each signal, we can calculate the theoretical intensity 
as follows [2,7]: 
 
The total intensity of indium AES signal is: 
 
 

Iindium = 0.25 ( 1 + αIn + αIn
2 + αIn

3 ) iIn+ (0.75 + 0.25 αIn
4) 

2
In

InIn

1
i.
α−

α
  (1) 

with: 
iIn: is the intensity of one atomic monolayer of indium; 
α In: the attenuation coefficient of the indium Auger current 
through a P or In atomic monolayer, it is given by:  
 

)
85.0

exp(
Ini

In
d
λ

α −=  

Iniλ : is the mean free path of Auger electrons [15]; 
d : is the thickness layer.  

Then the numerical value of αIn is equal to 0.73. 
After the nitridation all indium crystallites were 

consumed, so we can consider that the coverage rate of the 
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surface by the nitride layers was equal to unity and that 
there were two monolayers of indium nitride [2, 7].  

The theoretical ratio IIn after nitridation/IIn after bombardment is 
written:  

( ) ( )
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+++++
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The theoretical ratio is equal to RthIn= 0.873 close to 

the experimental value witch is estimated at 0.89. It 
confirms that we have formed two monolayers of 
stoichiometric indium nitride.   

Thus, the theoretical intensity of the phosphorus 
Auger signal after the nitridation is equal to 
 

( )( ) ppppppInPNPP iiiIII 43.0.1/. 242 =−+=+= −− ααα (3) 
 

We defined RthP-N and RthP-In as the ratios between the 
signal intensity coming from P-N and from P-In 
contribution and the total intensity of phosphorus signal 
respectively after nitridation.  

The values of theoretical ratios RthP-In and RthP-N 
calculated for two monolayers of InN are equal to 0.302 
and 0.7 respectively. We observed that RthP-N is greater 
than RthP-In. These values are in a good agreement with 
those obtained experimentally. 

 
3.3 Electrical measurements 
 
We plotted I(V) characteristics of  InN/InP samples 

after nitridation and after annealing operations. 
The Fig.7 shows the I-V current voltage 

characteristics for the samples after nitridation and after 
annealing. The curve obtained after nitridation shows that 
the realized interface presents a good rectifier contact.     
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(I-V) characteristics of the InN/InP structures before and after 

annealing. 

Owing to fact that the thickness δ of the InN layer is 
thin, our structures are similar to Schottky diodes. Then 
the current is expressed as follow: [16, 17] 
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where: V is the bias voltage; n is the ideality factor, IS is 
the saturation current. The barrier height φBN is related to 
IS by  
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where: A* is the Richardson constant. 
 

The ( )Vf
kT
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present two linear regions separated by a transition 
segment. As the current is low, the bias voltage may be 
considered equal to the bias applied to the InP 
semiconductor depletion layer. The ideality factor n 
expresses the deviation between ideal and real behaviours 
[18], its value is equal to 2.98. The saturation current Is is 
obtained using the intercept on the current axis of the 
characteristic given in the Fig. 7 of the first region. Then, 
the saturation current is estimated to 1.061×10-5A. By 
substituting the values of Is in eq. 5,we have deduced the 
height of the potential barrier BNφ  which is equal to 0.504 
V. This value is comparable with that obtained by M. Petit 
and al.[19]. When the current becomes somewhat high, the 
above considerations are not valid, so we must take into 
account the effect of serial resistance Rs. In Fig. 7when the 
bias voltage increases, we show clearly the change in the 

slope of the ⎥
⎦

⎤
⎢
⎣
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⎠
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kT
qVI exp1ln characteristics. Using 

these approximations and analyzing the region 2, we have 
estimated the value of the serial resistance Rs to 1687 Ω. 
The high values of the serial resistance can be attributed to 
the InN layers, wich are not intentionally doped. 

 
 

Table .1 Comparison of theoretical and experimental  
phosphorus Auger transitions. 

 
Group of   transitions ∆E (eV) Height 
(1) Experiment 
Theory 

- 19 
- 14 

30 
44 

(2) Experiment 
Theory 

- 9 
- 7 

52 
66 

(3) Experiment 
Theory 

0 
0 

100 
100 
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The similar experiments have been made on InN/InP 
samples whose are heated after nitridation at (450°C 
during 15 min). The measured characteristics are presented 
in Fig. 7. This curve presents different behaviour 
compared to first samples (before annealing), In fact we 
have an ohmic contact. The structure corresponds to a 
resistance of 186 Ω. It’s very low compared with the serial 
resistance obtained after nitridation. This may be 
explained by the deterioration of the InN layers and the 
presence of an important quantity of metallic indium at the 
surface. This result confirms the one observed by the AES 
analysis. The obtained electrical parameters are reported in 
Table 2. 

 
 

Table. 2: Electrical parameters of Hg/InN/InP structures. 
 

Sample Hg/InN/InP 
(before annealing) 

Hg/InN/InP 
(after annealing) 

Is (A) 1.061×10-5 3.71×10-5 
n 2.98 2.89 

φBN(V) 0.504 0.473 
Rs(KΩ) 1.687 0.186 

 
 

4. Conclusion 
 
In this paper, we have studied the nitridation and the 

effect of annealing after nitridation of indium phosphide 
surface. The nitridation of InP (100) surface with a GDS 
cell has been examined in situ using Auger electron 
spectroscopy.  

The experimental ratios are closed to the theoretical 
ratios calculated by the theoretical model based on stacked 
layers. The results show that almost two monolayers of 
stoichiometric indium nitride have been formed on the 
surface after nitridation. 

After annealing at 450°C we observe increasing of 
indium intensity and decreasing of nitrogen Auger signal 
intensity, this phenomenon is attributed to the damaging of 
InN layers and the rupture of P-In bonds.Witch induces the 
diffusion of nitrogen into the interface InN/InP to form 
other P-N bonds with the phosphorus present at the 
interface. 

The studied structures are electrically characterised 
using I-V analysis. The saturation current Is, the mean 
ideality factor η, the barrier height BNφ  and the serial 
resistance Rs are determined. 

The current-voltage characteristics obtained after 
nitridation shows that the interface realised present a good 
rectifier contact with high serial resistance Rs of 
1687Ω.This value is attributed to the InN layers who is not 
intentionally doped and to the non homogeneity of the InN 
films.      

The I(V) curves obtained after annealing present an 
ohmic contact tendency. The Auger study of In and P 
transitions explained this behaviour. In fact, an important 
quantity of metallic indium is observed at the surface of 

the samples. This phenomena is confirmed by the serial 
resistance who decreases and is equal to 186Ω. 
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