
ABSTRACT 
 

MI, HONGYI. Electrical and Optical Characteristics of Semiconductor Lasers 
Using Differential Resistance Measurements. (Under the direction of Professor 
Robert M Kolbas.) 
  
             The motivation of this work is exploring the characteristics of electrical 

and optical derivatives in semiconductor laser diodes at different temperatures 

using current modulation. Electrical and optical derivatives (V-I, L-I, dV/dI, 

dL/dI, IdV/dI) at low temperatures are investigated and compared with those at 

room temperature. 

             The information from V-I, L-I, dV/dI, d2V/dI2, dL/dI is used to detect 

series resistance, laser threshold, quasi-Fermi level locking, quantum efficiency, 

current ideality and light ideality. Different methods of calculating the laser 

threshold, series resistance, ideality and quantum efficiency by plotting 

appropriate curves have been identified. This approach is shown good to 

determine the optimal method to determine the laser threshold value through 

comparison of four different methods plots of V-I, dV/dI and L/(dL/dI).  

             The kink at laser threshold of dV/dI curve gives information of series 

resistance change of laser diode. As temperature decreases from room 

temperature to 77 K, an anomalous phenomena happens to the kink, which is 



that the kink varies from downward to flat, and then to upward. The value of 

laser threshold also decreases as temperature decreases. Thus, we can show the 

temperature dependence of laser threshold for laser diode to some extent.   
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1. Chapter 1 Introduction 

  

 

1.1 Objectives 

The main objectives of this work are to: 

 Master the art of electrical/optical derivative measurements of laser 

diodes. 

 Add variable temperature capability (100-300 K) to the system. 

 Compare various methods to determine the threshold current of laser 

diodes. (As a function of temperature.) 

 Measure the differential resistance of laser diodes over a wide range 

of temperatures.  

 

1.2 Motivation 

Derivative measurements have been a very useful and effective method 

to explore the internal working and characterization of light emitting diodes 

(LEDs) and laser diodes (LDs).  The typical characterization of LEDs and LDs 

consists of measuring the current vs. voltage (I-V) or light output vs. current 
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curves. The derivatives (e.g. dV/dI, dL/dI, d2V/dI2, etc.) can be obtained through 

numerical calculations or with analog modulation.  In this work we focus only 

on the analog modulation approach since it is possible to obtain excellent low 

level measurements using phase sensitive detection. 

There are two approaches to doing analog derivative measurements:  

1. Voltage modulation in which the independent variable is voltage 

and the current and conductance (dI/dV) are measured as the dependent variable. 

2. Current modulation in which the current is the independent 

variable and the voltage and resistance (dV/dI) is measured as the dependent 

variable. 

If the applied signal is Vdc+Vaccos(ωt) then the first derivative 

(conductance) is measured at frequency ω. If the applied signal is Idc+Iaccos(ωt) 

then the first derivative (resistance) is measured at frequency ω. When the 

applied signal contains two frequency components Vdc+Vac(cos(ω1t)+cos(ω2t)) 

then second derivative is measured at the difference frequency ω1-ω2 .These 

two approaches to derivative measurements have different advantages and 

disadvantages depending on whether the pn junction is tested at low or high 

injection. In the region above threshold, at high current, a small voltage change 
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would result in a large current sweep due to the exponential dependence of the 

current which is expected to obscure the ability to resolve fine structure. Hence, 

to be able to resolve fine structure at high current, it is desirable to use current 

modulation. While at low current, below threshold, due to the large dynamic 

resistance, a small change in current would result in a large change in voltage 

which would have a negative on exploring fine structure, so at low current, 

voltage modulation preferred. 

In this chapter, the development of the electrical and optical derivative 

techniques and the application of these techniques in detecting different 

phenomenon in laser diodes are presented. 

The second chapter contains information describing the experimental 

system setup and the experimental procedure employed in this thesis. 

Improvements to the experimental system with emphasis on the design and 

functionality of a cryogenic test fixture are presented. There are many 

photographs of experimental fixtures in this chapter.  

In the third chapter, various methods to measure the threshold current 

of a laser diode are presented and evaluated. The justifications for using these 

various methods (based on a simple diode model) are presented.  A systematic 
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approach that minimizes the human element of ‘guestimating’ laser threshold is 

presented. Finally, a comparison of the various methods and their limitations are 

presented. Based on comparison of four different methods to determine the 

threshold, choose the best one to explore the characterization of differential 

resistance at both room temperature and low temperatures. At last, an 

approximate relation between the characteristic temperature and absolute 

temperature are shown. 

The forth chapter includes a description and a comparison of the 

differential resistance of laser diodes at room temperature and at low 

temperatures. The simple diode equation used in Chapter 3 is found to be 

inadequate for explaining the behavior of laser diodes at low temperature.  

However, the methods developed in Chapter 3 are still useful in measuring the 

laser threshold at low temperature.  The theoretical work of a co-worker and 

propositions by other researchers are presented to explain the complex behavior 

of the differential resistance at laser threshold as a function of temperature.  

The fifth chapter contains a summary and conclusion of the work 

performed and results. Finally a discussion of future work relative to the new 

questions that have arisen in the course of this investigation is presented.  
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1.3 Overview of Electrical Derivative Measurement 

The voltage-current characterization of a two terminal devices is 

typically done by applying a current and measuring the voltage (or applying a 

voltage and measuring the current).  It is also possible to obtain the first (dV/dI) 

and second (d2V/dI2) derivatives of the voltage with respect to the current. The 

process of obtaining the first derivative measurement is as follows:   

1. Use a small sinusoidal signal to modulate an independent variable 

(e.g. current) and detect the ac response of this independent variable (e.g. 

voltage).  

2. Measure the ac response to the independent variable which will be 

proportional to the first derivative, i.e. the ac response is proportional to dV/dI 

when using current modulation. 

3. Use the harmonic detection (lock-in amplifier) to extract the 

derivative signals. The ac component of the device response at the frequency of 

modulation provides a measurement proportional to the first derivative. The ac 

response at the second harmonic is proportional to the second derivative. [1] If 

the applied modulation contains two frequency components at ω1 and ω2, the 

second derivative is proportional to the signal at the difference frequency ω1-ω2 
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or at ω1+ω2. These measurements techniques were later used on transistors and 

double heterostructure semiconductor lasers. [2] 

 

1.3.1 Derivative measurement techniques 

The technique for measuring the first derivative dV/dI is to 

superimpose, an ac modulation signal cos( )I i tωΔ =  onto the dc bias signal I 

which is applied to the test device. If the current modulation amplitude i is very 

small compared to I and constant, then the voltage across the laser device 

terminals can be written as a Taylor power series expansion in the modulation 

signal. Given: 

 
2

2
2

1( ) ( ) ( ) ...
2DC DC

DC DC

dV d VV V I I V I I I
dI dI

= + Δ = + Δ + Δ +  (1.1) 

 
 
 ( cos( ))DCV V I i tω= +  (1.2) 
 

Then we can get: 

 

2 2 2

2

2 2 3 3 5 5

2 3 5

2 2 4 4 6 6

2 4 6

cos ( )( ) cos( ) ......
2

( ) ... cos( ) ...
4 8 192

cos(2 ) ... ......
4 48 1536

DC

DC

dV i t d VV V I i t
dI dI

i d V dV i d V i d VV I t i
dI dI dI dI

i d V i d V i d Vt
dI dI dI

ωω

ω

ω

= + + +

⎡ ⎤ ⎡ ⎤
= + + + + + +⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

⎡ ⎤
+ + + + +⎢ ⎥

⎣ ⎦

 (1.3) 

 



 7

For a simple ideal diode: 

 0
( )exp 1sq V IRI I

kTη
⎡ ⎤⎛ − ⎞

= −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

 (1.4) 

And given that I >>I0 around threshold, then: 

 
( )2

2 2
2

2( ) cos( ) 1 1

2 1cos(2 ) 1 1 ......
2

DC s
kTV V I t iR m
q m

kTt m m
q m

ηω

ηω

⎡ ⎤
= + + − −⎢ ⎥

⎣ ⎦
⎡ ⎤⎛ ⎞− − − − +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 (1.5) 

 

where m ( im
I

= ) is the modulation index, V is the externally applied voltage, Rs 

is the series resistance of the device, η is the ideality factor, k is the 

Boltzmann’s constant, T is the absolute temperature and q is the electron charge. 

By maintaining the modulation i much less than the bias current I 

( 1m ), only the leading terms of each frequency component need to be 

retained and thus: 

 

2 2

2

2

2

( ) cos( ) cos(2 ) ......
4

1( ) cos( ) cos(2 ) ......
4

DC

DC s

dV i d VV V I i t t
dI dI

kT kT iV I R i t t
q I q I

ω ω

η ηω ω

= + + +

⎡ ⎤
= + + − +⎢ ⎥

⎣ ⎦

 (1.6) 

 
Thus, voltage detection at the fundamental frequency yields a direct 

indication of dV/dI and thereby the values of Rs and ηkT/q can be extracted. 

Similarly, the signal at 2ω can be used to measure the second derivative d2V/dI2. 
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Since Rs is assumed to be a linear element and therefore appears only in the 

amplitude of the fundamental signal, and the second derivative yields the term 

ηkT/q directly. [3] 

  

1.4 Introduction of derivative measurements of laser diodes  

1.4.1 Device parameters that can be obtained by derivative measurement 

Prior workers in this laboratory have shown that a variety of important 

parameters can be extracted from derivative measurements. 

   

Table 1.1 Summary of pn junction characteristics that can be measured using various data measurement 
techniques. 
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These results are summarized in Table 1.1. From this table, note that: 

the series resistance of the device can be precisely measured at very low bias 

currents, the exact laser threshold can be determined by several methods 

(including methods that do not require any optical measurements), and quasi- 

Fermi level locking can be determined by observing ‘kinks’ in the derivative 

measurement plots. [3],[4] Furthermore, information about both the electrical 

ideality ηI and the optical ideality ηL and the quantum efficiency can be obtained. 

 

1.4.2 Quasi-Fermi level in semiconductor diodes 

 A forward biased laser diode operates under non-thermal-equilibrium 

conditions. The formal methodology to handle non-thermal-equilibrium 

conditions is to introduce the concept of the quasi-Fermi levels which describes 

the distribution of electrons and holes individually. [5]  

When forward bias is applied to a laser diode, the quasi Fermi levels 

split by the value of the bias voltage, and as the applied bias increases the 

injected current increases. This results in more electrons and holes moving into 

the active region until the junction reaches the value of the diode’s laser 

threshold when the gain is equal to the loss. When sufficient excess electrons 
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and holes are injected into the active region there is sufficient optical gain to 

exceed the optical losses and laser action can take place. At this point (above 

threshold) additional injected carriers quickly recombine due to stimulated 

emission, and thus the quasi-Fermi levels are locked at threshold. Stated another 

way, the quasi-Fermi levels lock at laser threshold because the excess carrier 

lifetime is greatly reduced by strong stimulated emission. The optical losses in a 

simple laser diode are related to the mirror losses and a small distributed loss 

coefficient as shown below.  

At laser threshold the gain equals the loss [6] and the following 

equation applies: 

 ( )1 2 exp 2 1thR R L γ α− =⎡ ⎤⎣ ⎦  (1.7) 
 
where, R1 and R2 are the mirror reflectivity, L is the cavity length, α is the 

distributed loss co-efficient and γth is the gain at threshold. Hence the gain at 

threshold is: 

 
1 2

1 1ln
2th L R R

γ α
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 (1.8) 

  

At and above threshold, γth is held constant so that the round gain remains equal 

to 1. The parameters R1, R2 and L are independent of the optical signals, and the 
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loss coefficient is very weakly dependent on the optical signals. Hence γth is 

essentially pinned at and above threshold. Since gain is proportional to the 

excess carrier concentration, the excess carrier concentration is pinned at 

threshold (the minority carrier lifetime drops precipitously at threshold). Since 

the location of the quasi-Fermi level is tied to the excess carrier concentration 

the quasi-Fermi level is pinned above threshold.   

In general condition:      

 
2

0 ( ) ( ) ( )
8 g

r

fλγ υ ρ υ υ
πτ

=  (1.9) 

 
where, ρ(ν) is the density of state, fg(ν)=Efc-Efv is the separation of the quasi-

Fermi level. The gain coefficient has a peak value γp that is approximately 

proportional to the injected carrier concentration, which in turn is proportional 

to the injected current density J. 

 0 1
T

J
J

γ α
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 (1.10) 

 

 T
i r

qdJ n
ητ

= Δ  (1.11) 

 
where, τr = radiative recombination lifetime, ηi ~ τ/τr = internal quantum 

efficiency, τ = excess carrier lifetime, d = thickness of the active region, α is 
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thermal equilibrium absorption coefficient, Δn = injected carrier concentration 

and JT = current density required to just make the semiconductor transparent.     

The laser oscillation condition requires that the gain exceeds the loss, 

so we get: 

 ( )1
r s mα α α= +

Γ
 (1.12) 

 

 r
th TJ Jα α

α
+

=  (1.13) 

 
 th thI J A=  (1.14) 
 
where, αs and αm are loss coefficients due to mirror loss and other sources of 

loss, αr = resonator loss coefficient, Γ = confinement factor, A= cross sectional 

area of the active region. 

From equation 1.11, it can be seen that, increasing the injected current 

density J, the concentration of excess electrons and holes Δn is increased, and 

so is the separation between the quasi Fermi levels increases. When J is very 

small then the losses greatly exceed the gain i.e. no net gain. When J is large 

enough to make Efc-Efv exceed the photon emission energy which is 

approximately equal to the band gap energy, a positive gain can result. The 

peak gain coefficient increases sharply and saturates at a peak value. As the 
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gain saturates the excess carrier lifetime becomes very short, i.e. rapid 

recombination due to stimulated emission.  

When the junction voltage is equal to or slightly above the diode’s 

threshold photon energy, the junction voltage remains constant and, the Fermi 

levels do not split any further. Under this saturation condition, increasing the 

junction current would only increase the optical power and have no effect on 

changing the junction voltage.  

The first derivative measurement provides information about the quasi-

Fermi level locking. The quasi-Fermi level locking is observed when there is no 

increment in voltage as the current increases. This should appear as an abrupt 

change in the differential resistance (at threshold) followed by a constant value 

of the differential resistance as a function of current.  

 

1.4.3 Quantum Efficiency 

Quantum Efficiency (QE) of a LED or laser diode is the ratio of the 

number photons generated per sec to the number of electron-hole pairs injected 

per second. The internal quantum efficiency is related to only what happens in 

the active region, whereas the external quantum efficiency takes into account 
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external factors such as absorption, reflection, leakage currents, etc. [7] The 

quantum efficiency of a laser diode increases abruptly at threshold.  This leads 

to the idea of an internal differential quantum efficiency (which can be 

extremely high after threshold (>90%) even though the overall internal quantum 

efficiency may only be 30-45% with an external quantum efficiency of 20-30%. 

In general, High quantum efficiency is obviously desirable. 

 

1.4.4 Characterization of differential resistance in laser diodes 

The absolute value and the changes in the differential resistance as a 

function of current reveal several important device parameters and operating 

points as summarized in Table 1.1. For example the observation of a kink in the 

differential resistance can be used to identify laser threshold without measuring 

the optical output of a laser diode.  

As described above, the junction voltage in the laser diode contains the 

contribution of the quasi-Fermi level separation. Above the threshold, the diode 

shows a tendency to saturation because of saturation of the modal gain under a 

stationary oscillation. When the voltage reaches the saturation point, but the 

current continues to increase, it is equivalent to the disappearance of the 
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differential resistance. Under these conditions the expected behavior of the idea 

diode is: the differential resistance to drop rapidly at laser threshold and then to 

plateau at a value equal to the residual series resistance (bulk and contact 

resistance). Corresponding experimental demonstration and interpretation had 

been done in early studies of homojunction lasers [8],[9] and later in studies of 

double-heterostructure lasers  [10],[11],[12] and of quantum-well lasers.[13] 

However, opposite to the regular behavior at room temperature, there 

is an anomalous behavior of differential resistance above threshold observed at 

low temperatures. [14] The interpretations of this anomalous behavior could be 

related to the analysis of voltage across the laser diode for the case of electrical 

response to the injection-induced conductivity. All these phenomena will be 

discussed in this thesis. 
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2.  Chapter 2 Experimental System Setup 

 

 

2.1 Introduction 

In this chapter, an overview of the entire experimental measurement 

system is discussed and how all the devices in this system are organized in 

order to take electrical and optical derivative measurements. This experimental 

system includes a custom built derivative machine, a photodiode test fixture, a 

low temperature dewar, a Keithley multimeter, an oscilloscope and a computer.  

Figure 2.1 Block diagram of experiment system. After Lakkarsu with modifications. [5]  
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The manner in which the system is setup to achieve the desired 

functions is shown as a block diagram in Figure 2.1. A photograph of the entire 

system is shown in Figure 2.2. Most of the equipment in this system is custom 

built. 

 

 

Figure 2.2 Photograph of the derivative system. 
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The primary part of this system is the derivative machine. This 

machine is a multi-function device which performs different measurement tasks. 

The test fixture is used to hold the device under test in an isolated environment 

to obtain the electrical and optical signals from the test device. The low 

temperature dewar is the outside part of the test fixture and it allows the 

experimental measurements to be taken at room temperature or temperatures as 

low as 77 K. The Keithley multimeter is used as an analog to digital signal 

converter and also for thermocouple measurements. The custom built lock-in 

amplifier in the derivative machine is used to convert a low level ac signal to dc 

signal proportional to the magnitude and phase of the ac signal. The 

oscilloscope displays the electrical and optical signal waveforms at intermediate 

stages of the signal processing. The waveforms on the screen of the 

oscilloscope are used to diagnose if the system is functioning properly, and if 

not, it helps to find any problem that may be occurring. The computer is used to 

write and run a custom HTBasic program which interacts with other devices on 

this system for automated data acquisition. The derivative machine and the 

Keithley multimeter are connected to each other in a daisy chain fashion and 

then connected to the computer via an IEEE 488 GPIB interface.  
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2.2 Derivative machine 

The derivative machine has twelve slots for custom built rack 

mountable cards to interface with a computer via an IEEE 488 card and a power 

supply. This machine was built and the circuitry was completed by Dr. Robert 

Kolbas. The working principles behind this machine are the use of analog 

modulation and phase sensitive signal recovery of the signals associated with 

the first and second derivatives. The computer is used to select the mode 

(voltage or current modulation) in which the derivative machine operates and 

controls the elements of the system.  

 

Figure 2.3 Block diagram of derivative machine. After Lakkarsu with modifications. [5]  
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Figure 2.4 Derivative machine wired for the experiment showing the different interface cards. 

 

The measurement mode is indicated by LEDs on the digital to analog 

converter card: green indicates voltage modulation and red indicate current 

modulation. There is also an LED indicating if the current exceeds 650 mA. A 

block diagram of the derivative machine is shown in Figure 2.3 and a 

photograph is shown in Figure 2.4. A brief description of each rack mountable 

card follows: 

1. Waveform Generator: The computer downloads a 1024 byte file 

containing the data required to generate an arbitrary waveform. In my 

experiment, the data consists of a sine wave at 1 KHz for the first derivative or 
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15 KHz + 16 KHz for the second derivative. Filtering of the digitally generated 

signal is employed to achieve a pure sinusoid at the desired frequency. A 

reference square wave with an adjustable phase is also available and sent to the 

lock-in amplifier for phase sensitive detection. 

2. Digital to Analog Converter: This module converts the digital data 

received from the computer to a proportional dc signal (voltage or current 

depending on the mode of operation). The dc signal is subsequently combined 

with the small ac signal form the waveform generator and the combined signal 

is output as either a voltage or a current to the device under test (through the 

cable labeled DUT high). 

3. I to V converters: There are two low impedance current to voltage 

converters which employ amplifiers to convert a current to a voltage with 

(Vout=-RfIin) where Rf ranges from 107or 106 to 10 ohms for the light and current 

signals respectively. These modules also perform filtering functions to separate 

the ac and the dc signals. The block diagram of the I-V converter is shown in 

Figure 2.5. The two inputs DUT low and Vac fed from the test fixture are routed 

appropriately to allow for both voltage modulation and current modulation 

measurements. When in current modulation mode, the two switches connect to 
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the nodes labeled ‘NO’ and in voltage modulation mode they connect to the 

modes labeled ‘NC’. In voltage modulation mode the current is converted to a 

voltage and the resulting signal is fed to three filters, a low pass, a high pass and 

a band pass filter. The band pass filter is turned to the difference frequency (in 

this case 16 KHz-15 KHz) for the second derivative. The high pass filter is uses 

to amplify the ac signal for the first derivative. The dc signal is sent to an ADC 

and the ac signals are fed to the lock-in amplifier via the computer controlled 

switch module.     

 

Figure 2.5 Structure of the I-V converter. The feedback resistor Rf is computer selected. The switching 
function at the input determines whether the converter is acting as a current-to-voltage converter (voltage 
modulation) or a simple amplifier (current modulation). After Lakkarsu. [5] 

 

4. Lock-in amplifier: Using phase sensitive detection relative to a 

reference signal (1 KHz), this module recovers the ac signals for derivative 
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measurements from the signals (high pass and band pass filters) from the I-V 

converter. The output of the recovered first derivative signal is fed to an ADC. 

This module also has two test ports on it which allow the user to view 

derivative waveforms on an oscilloscope to check if the phase sensitive 

detection is being done well. 

5. Analog to Digital converter: This module consists of a four 

channel (15 bits + sign) analog to digital converter.  Each channel has dual 

ranges ± 15 V and ±0.3 V. [5] 

 

2.3 Keithley multimeter 

The Keithley multimeter is used to obtain high precision and signal 

averaging of the second derivative signal relative to the custom built multi 

channel ADC. The Keithley multimeter is also used with a type K thermocouple 

to measure cryogenic temperatures. 

 

2.4 Test fixture for variable temperature measurement 

One contribution of this thesis effort was to add a cryogenic 

measurement capability to the system. This new cryogenic test fixture was 
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designed so that both the electrical and optical signals can be measured. Coax 

cables are used to convey the electrical signals into and out of the dewar and a 

plastic optical fiber (≈1 mm diameter) is used to convey out the optical signal. 

The instrumentation amplifier that measures the voltage across the 

device under test cannot be located at cryogenic temperatures. It is located in a 

shielded enclosure just outside the dewar. The block diagram of the 

instrumentation amplifier is shown in Figure 2.6. 

 

Figure 2.6 Circuit diagram of the instrumentation amplifier on the proto-board. Device under test is 
connected between DUT high and DUT low. After Lakkarsu with modifications. [5] 
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The above circuitry is used to take both voltage and current modulation 

measurements using the same test fixture. The DUT high input comes from the 

DAC of the derivative machine and conveys the dc bias plus ac modulation 

signal. DUT low returns the current to either the current-to-voltage converter 

(voltage modulation) or to ground (current modulation). The instrumentation 

amplifier measures the voltage across the device under test. The voltage across 

the laser device under test is on the Vhigh pin. The ac signal is blocked by a high 

pass filter (1 μF, 10 KΩ in Figure 2.6) and the dc signal passes through to the 

Vlow-ac-out. This output serves as an input to the I-V converter in current 

modulation mode. The simplified circuits for current and voltage modulation 

measurements are shown in Figure 2.7 and Figure 2.8. 

 

Figure 2.7 Current modulation- simplified circuit. After Lakkarsu. [5] 
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Figure 2.8 Voltage modulation- simplified circuit. After Lakkarsu. [5] 

 

2.5 Photodiode test fixture for cryogenic temperature 

The cryogenic measurement unit consists of two main parts: the test 

fixture as shown in Figure 2.9 and the temperature-insulating vacuum dewar 

and shield as shown in Figure 2.10. The shield consists of an aluminum cylinder 

whose height is 30 cm and diameter is 10cm on an isolating wood base. The test 

fixture consists of a T shape epoxy-glass vector board which is 27 cm high on 

which the instrumentation amplifier, heat sink, laser diode holder and fiber are 

mounted as shown in Figure 2.9. The epoxy-glass vector board is located in the 

temperature-insulating vacuum dewar and the optical fiber and electrical wiring 

exit from the top of dewar.  
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Figure 2.9 Photograph of the proto-board. As size reference, the hole spacing on the optical is on inch.  

 

 
Figure 2.10 Side view of the cryogenic test fixture resting inside the dewar, which is all placed inside an 
aluminum cylinder for electrical shielding. 
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The optical fiber is connected to an optical detector which converts the 

optical signal to an electrical current which is sensed by a current to voltage 

converter. The temperature-insulating vacuum dewar is placed in the aluminum 

cylinder (electrically grounded) in order to make the device under test isolated 

from outside electrical noise. All of the equipment is shown in Figure 2.10. 

 

2.6 Programming and computer control  

The computer programming language used on the computer is called 

Trans Era HT Basic that runs under windows. The program is approximately 

14,000 lines of code and it controls all of the data acquisition and storage. The 

data is stored as an ASCII file that can be easily read by other applications for 

data analysis and plotting. The first operation of the computer program is to 

initialize all the data arrays, initialize all of the IEEE 488 instruments and to 

calibrate various cards in the derivative machine. Next, the operator selects 

what type of measurement is to be taken, i.e. voltage mode or current mode, and 

then enter the range of electrical and optical measurement to be taken. Once all 

these choices are finished, the program runs the selected inputs through the test 

device and records the responses from the device under test. The system can 
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take the I-V, first and second derivative simultaneously but in this work each is 

measured sequentially. First the program takes V-I and light output 

measurements. Second, the program runs through the first derivative 

measurement (dV/dI) or (dI/dV). Last, it takes the light derivative measurement 

(dL/dI) or (dL/dV). Graphs and data are displayed on the computer screen to 

keep the track of the current input signal. Once the program completes the data 

acquisition process, a few options are available to choose. The data can be store, 

viewed, plotted or taken again. 

 

2.7 Preparation for experimental measurement 

2.7.1 Experimental measurement parameter setting 

In the measurement process, there are several parameters being set, 

such as: start point, finish point, step size, modulation size for the first and 

second derivative modulation, and light output power limit. Based on the 

characteristics of the device under test, the current or voltage region explored 

and the limit of the derivative measurement system, the parameters: start point, 

finish point and light output power limit, can be set simply. The step size and 

the modulation size for the first and second derivative affect the accuracy of the 
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measurement and noise characteristics of the system. In order to reach high 

accuracy, more data points should be taken, and this requires the increment step 

size to be small enough to get more data points between the start and finish 

points. The modulation size should be comparable to the step size in order to 

maintain good signal to noise. In current modulation mode, the computer 

adjusts the start point to ensure that the current modulation is not negative. If 

the modulation size is too small (comparable to noise signals), the noise 

performance is degraded and the filter time for the lock-in becomes too long for 

practical data acquisition. To determine whether the step size and modulation 

size are suitably chosen the waveforms on the oscilloscope are observed and 

evaluated. If the waveforms are smooth and continuous, the signal to noise is 

good and rapid data acquisition is possible. If the waveforms are noisy, the filter 

time for the lock-in must be increased and this slows data acquisition 

considerably. Two different noise conditions are shown in Figure 2.11 and 

Figure 2.12 by examining the intermediate wave form from the lock-in after 

multiplication by the reference square wave but before the low pass filter. 

Examining this signal is also useful in verifying that the signal and reference 

square wave are in phase, i.e. the signal looks like a rectified sine wave.  
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Figure 2.11 Waveforms on the oscilloscope for the first derivative measurement using a modulation size of 
0.1 mA and a step size of 0.1 mA with acceptable but not good noise performance. 
 

 
Figure 2.12 Waveforms on the oscilloscope for the first derivative measurement using a modulation size of 
0.5 mA and a step size of 0.5 mA. The noise performance and signal size are improved compared with 
those in the previous figure. 
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2.7.2 Derivative system calibration  

There are several steps that occur before measurements are taken. A 

description of the calibration process and initialization of the system (including 

phase calibration, light output calibration, first derivative calibration and light 

derivative calibration) are described (from the function of each calibration and 

work process) below. 

1. Phase calibration:  A phase calibration is done in order to account 

for and negate all the phase changes that result after the signal has gone through 

all the different circuit elements (e.g. filter). First, the phase shift of the signal is 

measured relative to the reference square wave. The data down loaded to the 

waveform generator is then shifted in the opposite direction to synchronize the 

signal and the reference square wave. In this way, all the phase changes 

introduced by the circuitry can be cancelled. Only signals with the correct phase 

will be detected by the lock-in amplifier. 

2. Light output calibration: The current output of a diode is used in 

conjunction with a multi-range transimpedance amplifier. The system uses the 

manufacturer’s calibration curves for the sensitivity in Amps/Watt as a function 

of wavelength to convert the current value to the optical power value. The 
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coupling and absorption losses in the fiber are taken into account using a large 

area detector to measure the laser output with and without the fiber. 

3. First derivative calibration: Phase sensitive detection of the signal 

that passes through the entire circuitry is involved in the first derivative 

measurement. We can obtain a reasonably accurate calibration by calculating 

the transfer characteristics of each stage in the circuitry of the signal path. 

However, a much more accurate calibration is accomplished by measuring the 

first derivative of several different precision resistors and scaling the results 

with a single scale factor. Details are provided in the MS thesis of Swathi 

Lakkarsu. [5] 

4. Light derivative calibration:First derivative of light (dL/dI) is not 

readily measured without a calibration light emitter. In this work, the first 

derivative is calibration by numerically differentiating the L-I curve. 

 

2.7.3 Temperature system calibration 

The Keithley multimeter and a K-type thermocouple meter were used 

to perform the temperature system calibration. The thermocouple meter does 

not function at cryogenic temperature so the K-type thermocouple wire and 
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isothermal coupler were connected to the Keithley mulitmeter. Room 

temperature is 20 oC/ 293 K which could be measured exactly by the K-type 

thermocouple meter. This constant offset was used to correct for the absence of 

an ice bath reference in the thermocouple circuit. The type K-thermocouple 

tables were used to determine the temperature from the mV reading from the 

Keithley multimeter.  

 

2.7.4 Measurement process of the derivative system 

After the system finishes the calibration, the derivative system is ready 

to take measurements. First, a zero calibration capability is used to ensure all 

the components of the system are in their initial states and calibrated. The 

computer uses the HTbasic program to choose the measurement option to 

control the derivative measurement system. The program gives several options 

for the measurement procedure, including either current modulation or voltage 

modulation, either measurement with second derivative or only the first 

derivative, etc. Once a mode of operation is selected, the program asks for only 

the necessary information for the mode chosen. The operator can use the 

program to set several parameters such as:  the expected modulation size, the 
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upper limits of the current and voltage, the maximum optical power and the step 

size. During the measurement process, the data is plotted on the computer 

monitor. The test waveform at any time during the test process can be observed 

on the oscilloscope. After all the measurements are finished, the operator can 

choose to save, plot the measurement data, repeat the measurement or exit the 

measurement.  

 

2.7.5 The low temperature environment setup 

Liquid Nitrogen is the source of cooling for these experiments. The 

heat sink in the dewar is not temperature controlled but rather the temperature 

dependent measurements are done by allowing the thermal mass in the dewar to 

warm up slowly over a period of a few hours. Each set of data only requires a 

few minutes for the computer to acquire the data. The operator verifies that 

temperature at the beginning of each data set is the same as at the end of the 

data set to within 2 degrees. The measurement procedure is as follows. The data 

is first taken at room temperature in the dewar. The test fixture is then removed 

and the dewar is cooled to 77 K by adding liquid nitrogen. When the liquid 

nitrogen reaches a calm state, the bulk of the dewar contains dry nitrogen from 
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evaporation. Then the test fixture is slowly lowered into the dewar to avoid 

thermal shock to the device. The evaporating dry nitrogen in the dewar helps 

avoid condensation on the test fixture and the device under test. When the 

thermocouple reading stabilizes a data set is taken and the temperature is 

recorded. The thermal mass of the aluminum heat sink at the bottom of the 

thermally insulating glass-epoxy vector board maintains a relatively constant 

temperature over several minutes. 

 

2.8 Summary 

In this chapter, the setup of entire measurement system is discussed. 

The functions of the individual component of this system were presented. Based 

on the original measurement system already built in lab, a cryogenic 

temperature fixture was added. The overall system now has the capability to 

take measurement at cryogenic temperatures in the range from 77 K to 300 K. 

Also, the procedures of the measurement process were discussed. Through 

these procedures we obtained the data and results in following chapters. 

 

 



 37

3. Chapter 3 Measurement of Laser Threshold Current and Its 

Dependence on Temperature 

 

 

In this section, various methods to measure the laser threshold current 

of a laser diode are presented and evaluated.  These methods are used to 

measure the temperature dependence of the laser threshold, Ith, and to determine 

the characteristic temperature T0. 

 

3.1 Theory of the measurement of laser threshold  

If the derivatives dV/dI or dI/dV is measured then it is possible to 

extract several important parameters that govern the performance of a laser 

diode.  These characteristics and the methods by which each is measured are 

summarized in Table 3.1.  The series resistance, the laser threshold and 

corresponding locking of the quasi-Fermi levels can be determined by several 

different ways.  We have current expression:   

 ( )exp 1s
o

q V IRI I
kTη

⎛ ⎞⎛ − ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
 (3.1) 
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where, I is the current, V is the applied external voltage and Rs is the series 

resistance of the diode.  The information in Table 3.1 was developed using the 

simple diode equation 3.1. In Chapter 4 the complications that arise when the 

series resistance is not linear will be presented.  In this chapter the simple diode 

equation is assumed. 

 

Table 3.1 Simplified summary of pn junction characteristics that can be measured using various data 
measurement techniques. 
 

 

 

 

 

 

 

 

 

 

 

 

The simplest laser diode measurements involve measuring and 

analyzing the V-I and L-I curves as shown in Figure 3.1. The series resistance 
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can be determined from the V-I curve at high current where the equivalent 

junction resistance is small compared to the series resistance.  At high current 

the series resistance is approximately 1/slope from a V-I plot or approximately 

the slope for a V-I plot as shown in Figure 3.1.   
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Figure 3.1 Voltage and light power vs. current. The slope of the V-I curve at high current is the 
approximate value of the series resistance. Laser threshold is approximately 14 mA.  Note that there is 
very little observable structure in either of these curves.  
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The laser threshold current, Ith, is the current at which the optical 

output power, L, increases rapidly due to the onset of stimulated emission. The 

laser threshold current is estimated to be approximately 14 mA, from the L-I 

curve in Figure 3.1. Later in this section more exacting methods will be 

described to measure the laser threshold. The first derivative dV/dI and L-I for 

the device in Figure 3.1 is shown in Figure 3.2.  Note that the resistance of the 

device drops suddenly at laser threshold and that the resistance plateaus at a 

near constant value above laser threshold.  The sudden drop is a result of the 

onset of stimulated emission that effectively locks the quasi-Fermi levels at a 

fixed excess carrier concentration at threshold.  In the ideal case this results in a 

zero differential junction resistance and the measured resistance above laser 

threshold (plateau value) is just the series resistance of the device (material 

resistance and ohmic contact resistance).  The series resistance as determined 

from the dV/dI measurement is 11.4 Ω.  Note that this value is slight smaller 

than the series resistance determined from Figure 3.1 because the differential 

resistance of the pn junction has been eliminated (minimized) using the dV/dI 

method above laser threshold. The series resistance can be determined by 

examining dI/dV or dV/dI as shown in the 3rd and 4th rows of Table 3.1. Using 
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current modulation the resistance is given by the value at which dV/dI saturates 

at high current. Likewise the series resistance is inversely proportional to the 

plateau value of the conductance from the dI/dV curve at high current. The 

mathematical basis of this analysis is shown below. 
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Figure 3.2 dV/dI and L vs. I plot. Note that the resistance of the laser drops rapidly at the onset of lasing 
and that the resistance plateaus at a nearly constant value above laser threshold Ith=13 mA.  The 
discontinuity in the dV/dI curve at 10 mA is instrumental error due to a range change in the feedback 
resistor and or a change in the magnitude of the ac modulation. 
 
 
 

Consider an ideal diode equation including the series resistance:  

 0 exp( / ) 1jI I qV kTη⎡ ⎤= −⎣ ⎦  (3.2) 
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where, Vj= the overall junction voltage is given by Vj=V-IRs, I0 is saturation 

current, V is applied voltage, q is charge of an electron, η is ideality, k is 

Boltzmann’s constant and T is the temperature (K). 

In forward bias, neglecting the -1, then:   

 
0

log s
kT IV IR
q I

η ⎛ ⎞
= +⎜ ⎟

⎝ ⎠
  (3.3) 

 
and differentiating with respect to I: 

 1
s

dV kTR
dI q I

η
= +  (3.4) 

 
At and above laser threshold, since the junction voltage is constant, then 

equation 3.4 reduces to:  

 sV IR=  (3.5) 
and the first derivative is: 

 s
dV R
dI

=  (3.6) 

 
Beyond threshold the junction voltage saturates and remains a constant, hence 

the derivative dV/dI should remain constant at a value of the series resistance. 

Hence the plot shows the quasi-Fermi level pinning above the threshold. 

By plotting IdV/dI vs. I additional information can be extracted as 

shown in Figure 3.3.  
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Figure 3.3 IdV/dI and L vs. I plot. Information about the series resistance (at both low and high current 
levels), the laser threshold and the degree of the quasi-Fermi level locking can be extracted from the 
IdV/dI plot.   

 
From equation 3.4, we get: 

 s
dV kTI IR
dI q

η
= +  (3.7) 

 
Hence the slope of the curve should be equal to the series resistance 

and the intercept should be related to the ideality factor.  And as shown in 

Figure 3.3 the slope of the IdV/dI curve (asymptotes below and above threshold) 

are parallel and equal to the series resistance.  The significance of this approach 

is that the series resistance can be accurately measured at very low (or high) 



 44

current. This is a significant advantage especially for laser diodes where brief 

excursions at high current can cause permanent damage to the mirrors of the 

laser. The theory associated with quasi-Fermi level locking shows that the 

ideality should go to zero when strong Fermi-level locking occurs. [3] This is 

indeed the case as shown in Figure 3.3 where the asymptote to the curve above 

threshold passes very nearly through the origin. 

In forward bias, we can write: 

 ( )0 exp s
qI I V IR
kTη

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.8) 

 

 ( )0 exp s
L

qL L V IR
kTη

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.9) 

 
where, L is the optical output power, ηL is light ideality. 

Then the first derivative is:    

 s s
dI q dV dI q dV q dII R I I R
dL kT dL dL kT dL kT dLη η η

⎛ ⎞= − = −⎜ ⎟
⎝ ⎠

 (3.10) 

                 

 1 s
dI q q dVI R I
dL kT kT dLη η

⎛ ⎞
+ =⎜ ⎟

⎝ ⎠
 (3.11) 

        

 
0

lnL
s

kT LV IR
q L

η ⎛ ⎞
= +⎜ ⎟

⎝ ⎠
 (3.12) 
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 1L
s

kTdV dI R
dL q L dL

η
= +  (3.13) 

 
Plug equation 3.13 to equation 3.11: 

 11 L
s s

kTdI q q dII R I R
dL kT kT q L dL

η
η η

⎛ ⎞⎛ ⎞
+ = +⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (3.14) 

 

 1L
s s

dI dI q q dII R I I R
dL dL kT L kT dL

η
η η η

+ = +  (3.15) 

 
Finally, we can get:                                           

 LL IdL
dI

η
η

=  (3.16) 

 
From equation 3.16, a plot of L/(dL/dI) vs. I has a slope of η/ηL. For a 

strong light emission above threshold the slope should be at approximately 45 

degrees as the two ideality factors should be nearly equal if the recombination is 

primarily radiative. The intersection of the asymptote to the L/(dL/dI) curve 

(above threshold) with the horizontal (current) axis is a measure of laser 

threshold. This estimate of the threshold agrees well with the threshold 

determined from the L-I curve as shown in the figure. If the L/(dL/dV) vs. I 

curve is plotted, and η/ηL ratio is known, then the series resistance above and 

below threshold can be determined from the slope of the L/(dL/dV) curve as 

shown in Figure 3.4. 
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Figure 3.4 L/(dL/dV) and L vs. I plot. The laser threshold can be estimated from the intersection of the 
asymptote to the curve above threshold with the current axis Ith=12.5 mA. This agrees well with the 
threshold from the L-I curve. 
 

 
Although the second derivative is not the focus of this thesis, it is 

instructional to examine the second derivative characteristics of laser diodes 

near laser threshold. A plot of IdV/dI and -I2(d2V/dI2) vs. I obtained using 

current modulation is shown in Figure 3.5. The value for -I2(d2V/dI2) is nearly 

constant until threshold. At the onset of laser threshold -I2(d2V/dI2) increases 

rapidly. The maximum -I2(d2V/dI2) occurs above threshold but it is not a 

measurement of laser threshold. [5] 
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Figure 3.5 IdV/dI and -I2(d2V/dI2) vs. I in current modulation. Note that the baseline of -I2(d2V/dI2) vs. I is 
nearly constant below and above threshold.(After Lakkarsu.) [5] 
 
 
 
3.2 Measurement of laser threshold  

There are several different methods to determine the threshold current 

Ith of a laser diode. The traditional method is to examine the L-I curve to 

determine the point where the optical output increases rapidly. A more 

theoretical approach was proposed and demonstrated by T.L.Paoli [15] who 

explored the change in noise characteristics to measure laser threshold.  
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Here we examine four approaches, two based on the traditional method 

using the L-I curve, one using the L/(dL/dI) vs. I approach and finally the dV/dI 

vs. I approach to measure laser threshold. These various methods are compared 

in following sections.  

 

3.2.1 Optical output power vs. current (L-I) method 

1. We know that when the current across the diode reaches Ith, the 

optical power from the diode should increase rapidly with a much steeper slope 

than before threshold. Using the L-I curve, there are two ways to estimate Ith: In 

order to distinguish among the various approaches the first method is call the 

“intersection” method. The methodology is as follows. Locate the point where 

the light power begins to increase rapidly by using the curve fit function to 

obtain the regression functions for the tangent below and above threshold. The 

intersection point of these two straight regression lines is the point that we want 

to explore. Draw a straight vertical line through this point to intersect with the 

current axis. The intersection point on the current axis is the estimate of the 

threshold current Ith as shown in Figure 3.6. The work to decide which part of 

the curve below and above threshold is an experiential effort. First decide the 
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approximate threshold point and then find a region where the slope of the curve 

just below and above threshold is consistent and use the curve fit function of 

Kaleidgraph to make some regression straight lines [16],[17] and then choose 

the one which has the largest R which is the regression coefficient. 

2. The second method based on the L-I curve is named the tangent 

method and the procedure is as follows. Fit a line to the L-I curve above 

threshold to obtain a linear regression function same way as before. Extrapolate 

the slope of the linear regression function curve back to the current axis.  
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Figure 3.6 Ith=14.19 mA obtained by intersection method at T=260 K. 
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This technique tends to underestimate the threshold especially if the 

differential efficiency is low as shown in Figure 3.7. 
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Figure 3.7 Ith=14.15 mA obtained by intersection method at T=260 K. 

 

 
3.2.2 Laser threshold using the L/(dL/dI) vs. I plot method 

The second method is to use the L/(dL/dI) - I curve to decide Ith. Since 

the optical output power should have a large change at threshold, the first 

derivative dL/dI should have a very abrupt change at the threshold point. The 

shape of the L/(dL/dI) - I curve should exhibit a decrease before threshold and 

then have a linear increment with a steep slope after threshold. The procedure to 
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determined threshold is as follows. Obtain a linear regression function for the 

curve above threshold. Extrapolate the slope of the linear regression function 

curve back to the current axis. The intersection of this line with the current axis 

is the laser threshold current as shown in Figure 3.8. 
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Figure 3.8 Ith=14.14 mA obtained by the L/(dL/dI) method at T=260 K. 

 

 

3.2.3 First derivative dV/dI method 

The third method is to use the dV/dI vs. I curve to decide Ith. The 

dV/dI vs. I curve should have a decreasing step at the threshold due to the 
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locking of the quasi-Fermi level. We choose the point where the dV/dI begins to 

drop and draw a straight vertical line through the point to intersect with the 

current axis as shown in Figure 3.9. 
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Figure 3.9 Ith=14.1 mA obtained by intersection method at T=260 K. 

 

The procedure is as follows. Obtain the regression functions for the 

tangents below and above threshold. Draw a straight vertical line through the 

point where the intersection point of these two straight regression lines 

intersects with the current axis. The intersection point on the current axis is the 

estimate of the threshold current Ith. 
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The four different methods to determine the laser threshold current 

yielded the following results as shown in Table 3.2 below. These data were 

taken from the device LDP65001 laser diode at T=260 K.  

 

Table 3.2 Laser threshold values for four different methods. 
Method L-I intersection L-I tangent L/(dL/dI) dV/dI 

Laser 

threshold 

  14.19 mA  14.15 mA  14.14 mA 14.10 mA 

 

The absolute accuracy of the current measurement using the derivative 

machine is limited by the 1% resistors used to measure the current. The 

significant digits provided in this analysis are more accurate than 1%. The 

justification for the additional significant figures is based on the fact that all of 

these measurements were done with the same sensing resistor. Hence the 

relative accuracy should be much better than the absolute accuracy.    

The next section contains data for the threshold current obtained by 

these four different methods as a function of temperature. A comparison of the 

merits of the various methods will be discussed after the temperature dependent 

data is presented. 
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3.3 Dependence of laser threshold on temperature  

The equation describing the laser threshold as a function of 

temperature is given by: 

 0
0

expth
TI I
T
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (3.17) 

 
where, I0 is a constant, T0 is the characteristic temperature of the laser diode, 

and T is the temperature in K of the laser diode. In this section, we consider two 

edge emitting laser diodes from different manufactures: LDP65001 and D650 

and use above methods to measure the threshold current as a function of 

temperature from 125 K to 293 K.  

A copy of the data sheets for each of these laser diodes are reproduced 

in Appendix A and Appendix B. 

 

3.3.1 The relation between threshold current and temperature 

The threshold current and temperature plots for LDP65001 and D650 

obtained by four different methods are shown in Figure 3.10 and Figure 3.11 

respectively. These two plots reveal the classic temperature dependence for a 

laser diode, that is, laser threshold increases quite dramatically with increasing 
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temperature. In both cases, however, the temperature dependence of laser 

threshold dose not quite follow equation 3.17, at least not throughout the entire 

temperature range of the measurement. We will return to this issue later 

combined with discussion about the relation between characteristics 

temperature T0 and absolute temperature in this chapter and provide a more 

detailed explanation based the kink at laser threshold dependence on 

temperature in next chapter. 
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Figure 3.10 Laser threshold versus temperature for LDP65001. The laser threshold was determined by 
using four different methods. Ith11 is based on the intersection method using the L-I curve, Ith12 is based 
on the tangent method using the L-I curve, Ith2 is based on the L/(dL/dI) vs. I plot and Ith3 is based on the 
dV/dI vs. I plot. 
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Figure 3.11 Laser threshold vs. temperature for D650. Note that the four different methods for determining 
laser threshold are sufficiently close that they are indistinguishable on the scale of this graph. 

 

3.3.2 Comparison of different methods to determine the laser threshold  

 Careful examination of the data in Figure 3.10 and 3.11 reveals that 

the threshold curve from tangent method is between the other three curves. The 

tangent method is arbitrarily selected as the reference, so that the difference in 

the curves can more easily be compared over a wide range of threshold currents. 

First, we explore the absolute difference between the curves from these four 

different methods.  
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Figure 3.12 Difference of Ith versus temperature for the device LDP65001. The threshold determined by 
the tangent method was chosen arbitrarily as a reference then the differences in the different measurement 
methods could be more clearly observed. The zero horizontal axis corresponds to the tangent method. 

 

From Figure 3.12 and Figure 3.13, the Ith vs. T curve we get from the 

intersection method, L/(dL/dI) plot and dV/dI plot are almost parallel, while the 

curve from tangent method is between the other three curves. The difference 

between the Ith vs. T curves of tangent and intersection becomes smaller, while 

the difference between the Ith vs. T curves of tangent and L/(dL/dI) and dV/dI 

becomes larger as temperature decreases. At high temperature the Ith vs. T curve 

from tangent method is close to the Ith vs. T curves from the L/(dL/dI) and dV/dI 
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plots and keeps some distance from the Ith vs. T curve from the intersection 

method. But as temperature decreases, the Ith vs. T curves from intersection 

method and tangent method are closer and the Ith vs. T curve from tangent is far 

from those from the dV/dI and L/(dL/dI). 
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Figure 3.13 Difference of Ith versus temperature for the device D650. The threshold determined by the 
tangent method was chosen arbitrarily as a reference. 

 

The Ith vs. T curves from L/(dL/dI) and dV/dI are more consistent than 

the other methods throughout the temperature range but the difference between 

them is a little larger at low temperatures. The intersection method provides the 
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largest threshold value of above four method, the second largest one is from the 

tangent method, the third is from L/(dL/dI) and the dV/dI method provides the 

smallest threshold value. The maximum difference of threshold current among 

these four different methods is from 0.1 mA for LDP65001 and 0.15 mA for 

D650 (intersection and tangent) at the room temperature to -0.05 mA for 

LDP65001 and -0.05 mA for D650 (tangent and dV/dI) at about 125 K.We now 

explore the relative percent difference of Ith as a function of temperature. 

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

100 150 200 250 300

Relative difference in Ith vs T

(Ith11-12)/12%

(Ith2-12)/12%

(Ith3-12)/12%

R
el

at
iv

e 
di

ff
er

en
ce

 (%
)

T(K)  
Figure 3.14 Relative difference of Ith vs. temperature curves from three different methods for LDP65001. 
(Ith11-12)/12 means the curve from the difference between Ith11 and Ith12 relative to Ith12. (Ith12-2)/12 
means the curve from the difference between Ith12 and Ith2 relative to Ith12. (Ith3-12)/12 means the curve 
from the difference between Ith3 and Ith12 relative to Ith12. The zero horizontal axis corresponds to the 
tangent method. 
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Figure 3.15 Relative difference of Ith vs. temperature curves from three different methods for D650. 
(Ith11-12)/12 means the curve from the difference between Ith11 and Ith12 relative to Ith12. (Ith12-2)/12 
means the curve from the difference between Ith12 and Ith2 relative to Ith12. (Ith3-12)/12 means the curve 
from the difference between Ith3 and Ith12 relative to Ith12. The zero horizontal axis corresponds to the 
tangent method.  
 
 
 

From Figure 3.14 and Figure 3.15, we can see the variation in the trend 

of (ΔIth)/Ith with a decrease in temperature. Here ΔIth is the absolute difference 

between the laser threshold obtained by the tangent method and those from the 

other three methods. Ith is the threshold value obtained from tangent. We can 

see the maximum relative difference between different threshold current values 

decrease as temperature deceases. At room temperature, it is 0.6% between 



 61

tangent method and intersection method for LDP65001 and 0.98% for D650. It 

is -0.59% between tangent method and dV/dI method at 125K for LDP65001 

and -0.62% for D650. 

 

3.4 Temperature dependence of laser threshold 

The temperature sensitivity of the threshold current is an important 

parameter for a laser diode. From the equation 0
0

expth
TI I
T
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

, we can find the 

characteristic temperature T0, which is responsible for the temperature 

sensitivity of the threshold current. If T0 is large, laser threshold is less 

temperature dependent. If T0 is small, the laser threshold is much more sensitive 

to temperature. T0 can be found by examining the following equation: 

 0
0

ln( ) ln( )th
TI I
T

= +  (3.18) 

 
The slope of this curve is 1/T0 when plotted on a log-linear scale as 

shown in Figure 3.16 and 3.17. The laser threshold values in Figure 3.16 and 

Figure 3.17 were determined by using the tangent methods in the last section. 

We also use the regression method same as in the last section to get the linear 

function of the curves in Figure 3.16 and 3.17. 
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Figure 3.16 ln(Ith) vs. T plot for LDP65001. There is a break point located at about 219 K. 
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Figure 3.17 ln(Ith) vs. T plot for D650. There is a break point located at about 216 K. 
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Examining the above two plots, there appear to be break points in the 

slope at about 220 K. The break point is about 219 K for LDP65001 and 216 K 

for D650. Below the break point, T0 is 13.4 K and 8.7 K for LDP65001 and 

D650. Above the break point T0 is 31 K and 92.3 K for LDP65001 and D650. 

This change in slope implies that the inner working of both devices changes 

character in the two different temperature ranges. This will be discussed and 

addressed in next chapter. 

 

3.5 Summary  

Derivative measurements can be used to reveal the inner working of a 

semiconductor lasers. Through the derivative measurements, the laser threshold 

can be determined without measuring the optical output power. Abrupt changes 

in the derivative curves provide information about the threshold current. The 

series resistance can be obtained by many methods from derivative 

measurements as summarized in table 3.1. Furthermore, from the derivative 

measurement plots, the occurrence of quasi-Fermi level locking at threshold can 

be observed. A comparison of four different methods for determining the laser 

threshold current: tangent, intersection, L/(dL/dI) and dV/dI was presneted. We 
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find Ith decreases as temperature decreases from 293 K to 125 K and the order 

from large threshold to small threshold corresponds to the intersection, tangent, 

L/(dL/dI) and dV/dI method respectively. The threshold obtained by the tangent 

method is between those of other three methods. At high temperature the Ith 

from tangent is closer to Ith from L/(dL/dI) and dV/dI methods and far from Ith 

from intersection method, but at low temperature the trend is opposite. The 

difference between Ith vs. T curves from L/(dL/dI) become larger as the 

temperature decrease. The threshold vs. T curves obtained by the intersection, 

L/(dL/dI) and dV/dI methods are almost parallel.   

The characteristic temperature T0 is an important parameter and it 

reveals the temperature sensitivity of Ith for laser diodes. Based on equation

0
0

ln( ) ln( )th
TI I
T

= + , we explored the relation between the characteristic 

temperature T0 and temperature. We find there is a break point in the ln(Ith) vs. 

T curve between 125 K to 293 K for the LDP65001 and D650 laser diodes. 

Furthermore, fitting equations of ln(Ith) vs. T reveals two distinct regions with 

the break point is 219 K and 216 K for LDP65001 and D650 respectively. 

Above the break point the slope of the fitting equations of ln(Ith) vs. T curve 
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(small T0)  is larger than below the break point (large T0). The occurrence of the 

break point is related to the disappearance of the kink at laser threshold as will 

be described in the next chapter by examining how the differential resistance 

changes with temperature. 
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4. Chapter 4 Characterization of Differential Resistance of Laser 

Diodes at Low Temperatures 

 

 

In this chapter, the temperature dependence of the differential 

resistance of a laser diode at threshold is presented. Below the laser threshold, 

the equivalent resistance of the pn junction decreases as current increases. At 

threshold, the differential resistance should have abrupt decrease and then after 

threshold the differential resistance should remain almost constant. But at the 

lower temperature, the phenomena will be changed. We will use the change of 

kink at laser threshold of dV/dI and IdV/dI vs. I plots to explore how the 

differential resistance at laser threshold changes as temperature decreases. The 

results that are obtained are not consistent with the simple pn junction model 

(even with the quasi-Fermi level locking). These interesting results became part 

of another thesis by Xiangming Li who developed a heterojunction transport 

model which includes the majority carrier injection model and leakage and 

reverse kink polarity to explain the observed data obtained from my 

experimental work.  
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4.1 Measurement of the differential resistance of laser diodes at 

room temperature 

From last chapter, a simple ideal laser diode would have an V-I 

equation 0 exp( ) 1jqVI I kTη
⎡ ⎤= −⎢ ⎥⎣ ⎦

 and j sV V IR= + . Combining these two equations 

and solving for V results in 
0

ln 1 s
kT IV IR
q I

η ⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
 and 

0

1
s

dV kTR
dI q I I

η
= +

+
. 
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Figure 4.1 dV/dI and light vs. I plot. The differential resistance change at threshold is shown. 
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Figure 4.2 IdV/dI and light vs. I plot. The change of voltage across junction at the threshold is shown. 

 

At and above threshold, the Vj is almost constant (due to the quasi-

Fermi level locking), so 0jdV
dI

=  and s
dV R
dI

= , where Rs is the series resistance. 

At laser threshold, the differential resistance should have an abrupt 

decrease as shown in Figure 4.1. The voltage across the junction would have 

abrupt decrement corresponding to the differential resistance change at 

threshold as shown in Figure 4.2. From the equation 0 0( ) ( ) s
dV kTI I I I R
dI q

η
+ = + +  
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at and above threshold, and this reduced to 0 0( ) ( ) s
dVI I I I R
dI

+ = + , because η→0 

for strong quasi-Fermi level locking shown as in Figure 3.3. 

We consider two different laser diodes from different manufacturers 

LDP65001 and D650, the same devices that were described in Chapter 3. 

The measurement conditions for this experiment are based on the room 

temperature characterization of the LDP65001 and the D650 laser diodes. In 

current modulation, the starting point is 0.6 mA, the finishing point is 40 mA, 

the increment step size is 0.3 mA and the modulation size for the first derivative 

is 0.3 mA. The maximum light output limit is 1 mW. All these parameters are 

appropriate at room temperatures but when taking the measurements at low 

temperature, some of these parameters need to be modified. A smaller step size 

and smaller modulation size for the first derivative gives better resolution at the 

expense of increased noise. After several test runs a step size of 0.3 mA and a 

modulation size of 0.3 mA gave an acceptable signal to noise ratio and a 

sufficient number of data points in a time frame during which the temperature 

in the dewar was stable. As the temperature decreases, the laser threshold 

decreases, the maximum applied current was reduced at low temperatures to 

prevent over driving the laser diode. 
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4.2 Measurement of the differential resistance of laser diodes at low 

temperatures 

A thermal mass in the dewar is cooled (the temperature can as low as 

77K with liquid nitrogen) and then slowly warms upover approximately 3 hours 

to room temperature. During the process of warming up, the temperature of the 

sample in the dewar is quite stable over a few minutes, and this time is 

sufficient to acquire enough data points for each temperature to satisfy the 

experiment requirement. 

 

4.2.1 Change of differential resistance with temperature 

First, we explore the change of differential resistance at laser threshold 

for LDP65001. The differential resistance varies as current increases at room 

temperature 293 K as shown in Figure 4.3. The threshold is located at about 

16.2 mA. The downward kink at laser threshold is very clear and its height is 

about 2 Ω.   

As temperature decreases, the kink at laser threshold begins to reduce 

and at about 213 K, the kink at laser threshold disappears (see Figure 4.4) and 

the dV/dI vs. I curve becomes much smoother than that at room temperature. 



 71

8

10

12

14

16

18

20

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.01 0.012 0.014 0.016 0.018 0.02

dV/dI, L , Current

dV/dI  Light

dV
/d

I (
oh

m
)  L

ight (m
W

)

 Current (A)

differential resistance change 
at thresold 

                 
Figure 4.3 dV/dI and light vs. I at room temperature plot for device LDP65001. The kink at threshold is 
downward. 
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Figure 4.4 dV/dI and light vs. I at 213 K plot for device LDP65001. The kink at threshold disappears. 
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When temperature decreases further (below 213 k), the kink at laser 

threshold begins to appear as an upward kink instead of the downward kink 

observed at room temperature. Finally when the temperature reaches 125 K, the 

kink at laser threshold is a clear upward step as shown in Figure 4.5. 
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Figure 4.5 dV/dI and light vs. I at 125K plot for device LDP65001. The kink at threshold is upward 

 

Laser diode D650 exhibits almost the same result. At room temperature, 

there is an obvious downward kink at laser threshold as shown in Figure 4.6 and 

it is about 2 Ω.  
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Figure 4.6 dV/dI and light vs. I at room temperature for device D650. The kink at threshold is downward. 

 

20

22

24

26

28

30

0

0.2

0.4

0.6

0.8

1

1.2

0.008 0.009 0.01 0.011 0.012 0.013

dV/dI, L, Current

dV/dI  Light

dV
/d

I 
(o

hm
)  Light (m

W
)

 Current (A)

Downward kink disappears

         
Figure 4.7 dV/dI and light vs. I plot at 220 K for device D650. The kink at threshold disappears. 
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Figure 4.8 dV/dI and light vs. I plot at 125 K for device D650. The kink at threshold is upward. 

 
 
 

As the temperature is decreased the height of the kink decreases until 

at 220 K at which the kink at laser threshold disappears totally as shown in 

Figure 4.7. At lower temperature, an upward kink begins to appear at threshold. 

Finally at 125 K, the upward kink is clearly to be seen as shown in Figure 4.8. 

 

4.2.2 Measurement of change in IdV/dI 

Since the differential resistance at laser threshold varies as temperature 

deceases as shown before, the kink of IdV/dI at laser threshold also will vary as 
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temperature deceases and have similar trends as the differential resistance. The 

advantage of evaluating IdV/dI plots is that the series resistance and ideality can 

be extracted directly from the plots. 

For LDP65001, as shown in Figure 4.9, the IdV/dI varies as current 

increases at room temperature 293 K as we expected. The downward kink at 

laser threshold is very clear and it is about 0.02 V. 
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Figure 4.9 IdV/dI and light vs. I plot at room temperature for device LDP65001. The kink at threshold is 
downward. 
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Figure 4.10 IdV/dI and light vs. I plot at 213K for device LDP65001. The kink at threshold disappears. 

 

 

As temperature decreases further, the height of kink at laser threshold 

reduces and at about 213 K, the kink at laser threshold disappears as shown in 

Figure 4.10. The IdV/dI vs. I curve becomes much smoother. At even lower 

temperature (below 213 K), the kink at laser threshold begins to appear again 

but as an upward kink instead of a downward kink as observed at room 

temperature. Finally, at 125 K, there is clearly an upward kink at laser threshold 

as shown in Figure 4.11. 
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Figure 4.11 IdV/dI and light vs. I plot at 125K for device LDP65001. The kink at threshold is upward. 
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Figure 4.12 IdV/dI and light vs. I plot at room temperature for device D650. The kink at threshold is 
downward. 
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For D650, performance is same as LDP65001. At room temperature, 

there is an apparent downward kink (about 0.02 V) at laser threshold as shown 

in Figure 4.12. As the temperature decreases further, the height of the kink 

decreases until at 220 K the kink at threshold disappears totally and the curve 

becomes smooth as shown in Figure 4.13.  
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Figure 4.13 IdV/dI and light vs. I plot at 220 K for device D650. The kink at threshold disappears. 

 
 
 

As temperature deceases further, an upward kink begins to appear at 

threshold. Finally at 125 K, the upward is clearly seen as shown in Figure 4.14. 
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Figure 4.14 IdV/dI and light vs. I plot at 125 K for device D650. The kink at threshold is upward. 

 

4.3 Comparison over wide temperature range 

The differential resistance dV/dI vs. I over the temperature range from 

110K to room temperature 293K for LDP65001 is shown in Figure 4.15. At 

room temperature kink at the threshold first is an abrupt kink downward. As 

temperature decreases, the downward kink becomes small until 213K, the kink 

disappears and the curve becomes flat. At yet lower temperature, there is 

upward kink at threshold beginning to appear. Finally, at 110 K, the upward 

kink is very clear. 



 80

10

20

30

40

50

60

0.004 0.008 0.012 0.016 0.02

LDP65001 dV/dI vs I for diferent temperatures 
dV

/d
I (

oh
m

)
 

Current (A)

Temperature decreases

Kink disappears at about 213k 

293k

110k

             
Figure 4.15 Comparison of dV/dI vs. I curve for different temperatures for device LDP65001. 
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Figure 4.16 Comparison of dV/dI vs. I curve for different temperatures for device D650. 
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The D650 laser diode has similar characteristics as LDP65001shown as 

in Figure 4.16. From the Figure 4.17 and Figure 4.18, we can find the height of 

the kink at threshold as a function of temperature decrement for both the 

LDP65001 and D650 devices. Starting at room temperature the downward kink 

becomes larger as the temperature decreases. After it reaches a maximum, the 

kink height begins to decrease to zero. At yet lower temperatures, the step 

height changes sign and the step has become an upward instead of a downward 

step at room temperature. 
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Figure 4.17 Change in kink height vs. temperature for device LDP65001. Positive kink height corresponds 
to a downward step. 



 82

-1

-0.5

0

0.5

1

1.5

2

2.5

140 160 180 200 220 240 260 280 300

D650 Kink Height at Treshold vs T

Height

K
in

k 
H

ei
gh

t (
oh

m
)

T (K)  
Figure 4.18 Change in kink height vs. temperature for device D650. Positive kink height corresponds to a 
downward step. 

 
 

Compared with the break point of ln(Ith) vs. I plot, we can find that the 

kink at laser threshold of dV/dI and IdV/dI presenting behavior of differential 

resistance disappears at about 213 K for LDP65001 and about 220 K for D650 

and the break point in ln(Ith) vs. I curve is about 219K for LDP65001 and about 

216K for D650. So, the point where the kink at threshold of the differential 

resistance disappears and the break point of ln(Ith) vs. I are located at almost the 

same temperature region.   
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Figure 4.19 Comparison of IdV/dI vs. I curve for different temperatures for device LDP65001. 
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Figure 4.20 Comparison of IdV/dI vs. I curve for different temperatures for device D650. 
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In Figure 4.19 and Figure 4.20, the IdV/dI vs. I curves over the 

temperature range from 110 K to room temperature 293 K are shown for 

LDP65001 and D650. We can see that, as temperature decreases, the kink of 

IdV/dI varies from downward, to a point at which the kink disappears and 

finally to upward. 

 

4.4 Analysis and explanation 

4.4.1 Simple model 

A simple model of laser diode is composed of a diode and a series 

resistance, as shown in Figure 4-21,  

 

 

Figure 4.21 Simple model of laser diode.  

 
The expression equation is:  

 
 0ext S jV I R V= ⋅ +  (4.1) 
                                                                              

where, Rs0 is a constant series resistance, Vext is the overall voltage of the simple 

model,  and the Vj is the junction voltage.  
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Before threshold, Vj  satisfies the ideal diode equation: 

                                         exp j
S

T

V
I I

m V
= ⋅

⋅
 (4.2) 

   j T
dV mV
dI I

=  (4.3) 

where m is ideality factor, Is is reverse saturation current and VT is thermal 

voltage  which is 25.85 meV at room temperature. 

Above threshold, Vj is locked at certain saturation voltage Vs and 

0jdV
dI

= . And the total differential resistance measured from the device terminals 

is:  

 0 0
jext T

S S

dVdV mVR R
dI dI I

= + = +  (4.4) 

 
At threshold the junction differential resistance jumps from mVT/Ith to zero, then 

from equation 3.4, the differential resistance (downward) kink at laser threshold 

will be:                                          

 
th th

ext ext T
d

I I th

dV dV mVR
dI dI I− +

Δ = − =  (4.5) 

 
So, from this simple model, if the threshold current Ith is known, the relation 

between the differential resistance kink and VT/Ith is present with a factor m. 
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4.4.2 Eliseev’s injection-induced conductivity (IIC) model 

With respect to the differential resisitance of laser diodes at low 

temperatures, Eliseev suggested an explaination [14] associated with injection-

induced conductivity (IIC). In his theory, the series resistance is no longer 

assumed linear which consists of a linear part Rs0 and a small nonlinear part 

RNL(I). The termial voltage is                                              

 0 ( )ext S NL jV I R I R I V= ⋅ + ⋅ +  (4.6) 
 

The terminal differential resistance is                                

 0
( )( ) jext NL

S NL

dVdV dR IR R I I
dI dI dI

⎛ ⎞= + + ⋅ +⎜ ⎟
⎝ ⎠

 (4.7) 

 
 

Eliseev assumes that:  

1. The nonlinearity in RNL(I) is from conductivity modulation, e.g. the 

over-barrier leakage increases the carrier concentration in the cladding layer, 

therefore the cladding layer  resistance decreases with injection level 

( ( ) 0NLdR I
dI

< ). In most of his papers, RNL(I) is assumed to be 
( )

0

0

( )
/

NL p

RR I
I I

=  

with p being the power factor. 

2. The nonlinear resistance is only determined by the active region 
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carrier concentration n, 
dI
dn

dn
dR

dI
IdR NLNL ⋅=
)( . Because n is locked after threshold, 

then we can get ( ) 0
th

NL

I I

dR I
dI >

= . 

In equation 4.7, at threshold, both ( )NLdR II
dI

⋅ and jdV
dI

are zero. 

Therefore an upward kink is possible when ( ) 0jNL dVdR II
dI dI

⋅ + >  at thI I −= .  

With Eliseev’s assumption, ( ) ( )jNL T
NL

dVdR I mVI p R I
dI dI I

⋅ + = ⋅ + . A high 

power factor p (cladding layer conductivity decreases very fast with injection 

current) and a lower temperature will favor the occurrence of a possible upward 

kink at laser threshold. 

However, the actual RNL(I) as a function of I is unknown, so it is 

difficult to reach ( ) 0jNL dVdR II
dI dI

⋅ + >  at thI I −= . At cryogenic temperatures, the 

leakage (due to thermionic emission) from the active region may decrease 

exponentially to a negligible level so that the cladding layer resistance is barely 

modulated by the injection level. To have a significant conductivity modulation 

effect, the leakage minority carrier concentration in the cladding layer has to be 

comparable with the majority carrier concentration. 
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4.4.3 Majority carrier injection model 

My co-worker Xiangming Li proposed an analytical model [18] based 

on the physics of majority carrier injection across the heterojunction interface 

from the confining layers into the active region. Derivations with thermionic 

emission boundary conditions for the heterointerfaces reveal that the majority 

carrier injection process will prevent the internal junction differential resistance 

and ideality factors from being completely measurable at the device terminals.  

The electrical characteristics that originate from the recombination 

within the active region or the “junction” can be modeled as a diode with 

ideality factor mj, while the current-voltage relation from the majority injection 

across an interface can be modeled as another diode with ideality factor mi. 

While the two processes share the same current path, the total electrical 

characteristics are not identical to that from the two simple diodes in series. 

Instead, the differential resistance and the ideality factors at the device terminals 

are partially from the junction and the remainder from the interfaces.   

A fraction associated with the junction fj is derived so that in equation 

4.8, where mext is the ideality factor measured at device terminals.  We have:                          

 ( ) ( )1ext j j j im f m f m= ⋅ + − ⋅  (4.8) 
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( ) ( )

( ) ( )

1

1

ext T T
j j j i

junction interface
j j

dV V Vf m f m
dI I I

dV dV
f f

dI dI

⎛ ⎞ ⎛ ⎞= ⋅ ⋅ + − ⋅ ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞ ⎛ ⎞
= ⋅ + − ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

 (4.9) 

 
 

When the fraction fj is closer to 100%, more junction characteristics 

can be “seen” from the device terminals and vice versa. The fraction is not a 

constant. It is a function of device parameters as well as bias condition. When 

the interaction between the confining layer and the active region through 

forward and backward thermionic emissions across, the heterojunction interface 

is stronger, the fj is closer to unity. At low temperature, due to the reduction of 

the carrier thermal velocity, fj may drop to a small value so that most of the 

junction characteristics cannot be measured from the device terminals.  

Laser diodes are supposed to have kink at threshold. With the above 

proposed model, at low temperatures, following phenomena are predicted and 

all of these changes in the characteristics of laser diode were observed as in the 

previous sections: 

1. Reduction or disappearance of kink height at laser threshold. 

2. Increasing differential resistance (dV/dI) after threshold. 

3. Decreasing ideality factors (IdV/dI) after threshold. 
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4.4.4 Leakage and reverse kink polarity 

Without causing significant modulation on the conductivity of the 

cladding layers, carrier leakage can still affect the differential resistance 

measured from the device terminals. Xiangming Li assumes that not all the 

carriers are collected into the active region and the injection efficiency is ηi(I) 

so that: [18]                                                     

 ( )active iI I Iη= ⋅  (4.10) 
 
where Iactive is the recombination current in the active region. In the active 

region, only Iactive and Vj satisfy the diode equation: 

 0 exp( )j
active S

T

V
I I

m V
=

⋅
 (4.11) 

 j T

active active

dV Vm
dI I

= ⋅  (4.12) 

Therefore j T
dV Vm
dI I

≠ ⋅  is due to the difference between Iactive and I. 

Combine equation 4.10, equation 4.11 and equation 4.12:                 

 ( )
( )

j iT T

i

dV d IV m Vm
dI I I dI

η
η
⋅

= ⋅ + ⋅  (4.13) 

 
The first term is same as the one without leakage. At laser threshold, the first 

term is assumed to jump to zero, while the second term may increase due to less 

leakage. Therefore, a reverse kink polarity is possible with this model. As the 
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thermal voltage always drops with temperature, the kink (upward or downward) 

will eventually disappear at extremely low temperature. We observed upward 

kinks as shown in previous sections and these reversed polarity kinks’ height 

increased initially but decreased at very low temperature. 

 

4.5 Conclusion 

In this chapter, the temperature effects on the kink of the differential 

resistance at laser threshold have been investigated. The dV/dI vs. I curve and 

IdV/dI vs. I show that there is an anomalous behavior that an upward step at 

threshold at low temperatures would replace the downward one at room 

temperature. In the Eliseev’s injection-induced conductivity (IIC) model, the 

explanation is related to a small nonlinear part RNL(I) and the factor p and low 

temperature will make the upward kink at threshold possible, but the detailed 

relation between RNL(I) and I and factor p are unknown. My co-worker 

Xiangming Li proposed a “Majority carrier injection model” and “Leakage 

current model” to explain the anomalous phenomena. In the first model, we 

present as temperature decreases, a majority carrier injection process will 

prevent the internal junction differential resistance and ideality factors from 
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being completely measurable at the device terminals which leads to the 

reduction and disappear of the kink at threshold. By also including with leakage 

current, the relationship for differential resistance is modified into

( )
( )

j iT T

i

dV d IV m Vm
dI I I dI

η
η
⋅

= ⋅ + ⋅ . As temperature decreases the second term will 

increases due to the less leakage current. The second term can provide an 

upward kink at threshold when the temperature is low. 

The temperature point where the resistance kink disappears is located 

at nearly the same temperature as the break point of the ln(Ith) vs. I curve. It is 

very likely that the same physical mechanisms responsible for the anomalous 

behavior of the differential resistance also cause the change in the characteristic 

of T0. The observation of this connection between the differential resistance and 

T0 is a contribution of this thesis but the full description of this relationship goes 

well beyond the course of this MS thesis. 
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5. Chapter 5 Summary, Conclusions and Future Work 

 

 

5.1 Summary 

 Derivative measurements can be used to accurately measure various 

optical parameters such as laser threshold without doing the direct optical 

measurements. Derivative measurements using either voltage modulation or 

current modulation are possible. Based on the reliability of the derivative 

measurement, voltage modulation is most advantageous for low input signal 

measurements, e.g. below laser threshold, while current modulation is better for 

high input signal measurements, e.g. around and above laser threshold.  

 

5.1.1 Advantages of derivative measurements 

Following concluded information can be explored by either derivative 

measurements or non-derivative measurements: [5] 

1. Laser threshold can be determined without measuring the optical 

output power.  

2. The series resistance of the device can be measured by several ways: 
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a. From the I-V curve slope at high current. This is non-derivative and 

tradition measurement. 

b. From the plateau of dI/dV at high current,
1

s
dIR
dV

−
⎛ ⎞= ⎜ ⎟
⎝ ⎠

, for voltage 

modulation; from the plateau of dV/dI at high current, s
dVR
dI

⎛ ⎞= ⎜ ⎟
⎝ ⎠

,for 

current modulation. 

c. From the slope of the asymptotes (both below and above threshold) 

of the plot of  IdI/dV versus I for voltage modulation. 

d. From the slope of the asymptotes (both below and above laser 

threshold) of L/(dL/dV) versus I for voltage modulation if the ratio of 

ηL/η is known.  

Note: For b and c, Rs can be determined at very low currents. 

3. The laser threshold can determined in several ways: 

a. From the light-current curve. This is non-derivative measurement.  

b. From a rapid rise in dI/dV for voltage modulation; from a rapid fall 

in dV/dI for current modulation.  

Note: The laser threshold can be determined by electrical 

measurements without any optical measurement. 
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c. From the X-axis intercept of the asymptote to the L/(dL/dI) versus I 

plot above threshold for current modulation. From the X-axis 

intercept of the asymptote to the L/(dL/dV) versus I plot above 

threshold for voltage modulation. 

4. Quasi-Fermi level locking can be identified by examining: 

a. The plateau of dI/dV versus V for voltage modulation or dV/dI 

versus I for current modulation above threshold. Complete quasi-

Fermi level locking should produce a flat plateau in the plot. This 

is a traditional method. 

b. The asymptotes (above threshold) of the IdV/dI versus I and 

I/(dI/dV) versus I curves. Complete locking should produce an 

asymptote that passes through the origin.  

5. The differential external quantum efficiency can be measured from: 

a. The slope of the light-current curve divided by the applied voltage. 

This is a traditional method. 

b. The slope of the asymptote (above threshold) of the L/(dL/dI) 

versus L curve divided by the photon energy in electron volts. This 

is a non-traditional method. 
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5.1.2 Comparison of various methods to determine laser threshold 

Four methods were employed to determine the laser threshold: tangent, 

intersection, L/(dL/dI) and dV/dI. It was observed, as expected, that Ith decreases 

as temperature decreases. The intersection method provides the largest 

threshold value of the four methods, the second largest one is from tangent 

method, the third one is from L/(dL/dI) and the dV/dI method results in the 

smallest threshold value. The threshold vs. T curves obtained by intersection, 

L/(dL/dI) and dV/dI methods are almost parallel while the curve from tangent 

lies between them. Near room temperature the Ith from the tangent is closer to Ith 

from the L/(dL/dI) and dV/dI methods and far from Ith from the intersection 

method, but at low temperature the trend is opposite.    

The equation 0
0

ln( ) ln( )th
TI I
T

= +  relates the laser threshold to the 

absolute temperature T and the characteristic temperature T0 and absolute 

temperature. There is a break point in the ln(Ith) vs. T curve at about 220K and 

the slope curve fit equation below the break point is smaller than above the 

break point. The smaller T0 above the beak point indicates that the physical 

mechanisms are turning on that reduce the overall efficiency of the device. 
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5.1.3 Differential resistance versus temperature  

 The kink in the differential resistance at laser threshold is an abrupt 

downward step at room temperature. As temperature decreases, the kink height 

becomes larger as the temperature decreases until it reaches a maximum value, 

and then it begin to shrink as the temperature is further reduced. Eventually the 

kink disappears and if the temperature decreases further, an upward kink at 

threshold begins to appear.  

Based on the experimental data, the point where the kink at laser 

threshold in the differential resistance disappears and where the break point of 

ln(Ith) vs. I is located, are essentially at the same temperature regions. 

  

5.2 Analysis of the temperature effects on differential resistance at 

laser threshold 

The temperature effects on the kink in the differential resistance at 

threshold have been investigated by the dV/dI vs. I curve and IdV/dI vs. I plots. 

There is an anomalous behavior in that an upward step at the threshold at low 

temperatures would replace the downward one at room temperature. Eliseev’s 

model considers that injection-induced conductivity (IIC) gives a small 
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nonlinear part RNL(I) which contributes to the anomalous phenomenon. 

However, the physical mechanisms are undefined in Eliseev’s model. My co-

worker Xiangming Li proposed a “Majority carrier injection model” and 

“Leakage current model” to explain the anomalous phenomenon. The influence 

of the majority carrier injection at the heterojunction is to prevent the internal 

junction differential resistance and ideality factors from being completely 

measurable at the device terminals. This leads to the reduction and disappear of 

the kink at threshold. By also including leakage current, the relationship for 

differential resistance is modified into ( )
( )

j iT T

i

dV d IV m Vm
dI I I dI

η
η
⋅

= ⋅ + ⋅ . As temperature 

decreases the second term increases due to less leakage current. The second 

term can provide an upward kink at threshold when the temperature is low. The 

experimental results in this thesis and the theoretical work in Xingming Li’s 

thesis are in agreement. 

 

5.3 Future work 

• Add capability to modulate the device such that (ΔI/I)= constant to 

eliminate errors due to range changes and expand the range of 
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measurement that are possible in order to improve the accuracy of 

derivative measurements.   

• In order to investigate the dependence of laser threshold on higher 

temperatures, an above room temperature test fixture should be designed 

and constructed.  

• Further investigate the relation between the kink height and the break in 

To as a function of temperature.  Try higher temperatures to determine if 

there is another change in To at elevated temperatures.   

• Expand this investigation to include quantum well lasers which are 

known to have good/bad carrier collection and/or carrier re-emission at 

the hetero-junction interfaces.   

• Examine laser diodes fabricated from other material systems that have 

particularly large or small band offsets to investigate the effects of 

minority carrier leakage.    
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Appendix A. Data sheet of LDP65001 laser diode 
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Appendix B. Data sheet of D650 laser diode 
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